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Abstract 
This thesis investigates the presence of possible episodes of glacial advance and retreat by a study 
of sedimentary exposures around the southern margin of the Wanaka basin in and around the Clutha 
area, and compares these records with other localities across South Island, New Zealand.  The focus 
of this study is on the latter half of the last glaciation (Otiran), up to and including the Last Glacial 
Maximum (LGM).  
The advance and retreat cycles in this thesis are defined sedimentologically by two main 
environments: lacustrine and fluvial.  The deposition of lacustrine sediment and associated deltaic 
sediments mark episodes of glacial retreat, where ice retreating up the Wanaka catchment created 
accommodation space for deposition.  These lacustrine sediments are divided into ice proximal 
facies dominated by sub-aqueous mass flows, whereas ice distal facies are dominated by laminated 
lacustrine sediments and deltaic deposits.  Glacial advances are defined by aggradation gravels 
(braid plains) where glacier ice is grounded on land.  Glacier advances into lakes involve the 
deposition of sub-aqueous debris flows, but these are thinner than recessional units.  Direct ice 
contact environments are marked by sediment deformation associated with ice overrun.   
Four major phases of ice oscillation are recognised in the study area.  These are clearly separated on 
stratigraphic grounds.  Age control is variable, but OSL data suggest the following sequence of 
events:  
Wanaka 1 oscillation occurred between 42 ka and38 ka.  This advance is only represented at 
Beacon Point.    
The Wanaka 2 oscillation is not directly dated in this study, but there is incontrovertible 
sedimentological evidence for its existence.  It is tentatively placed at around 38 – 36 ka because it 
is constrained by the minimum age of the Wanaka 1 oscillation and the maximum age of the 
Wanaka 3 oscillation 
The Wanaka 3 oscillation is constrained by the onset of gravel aggradation at about 32 ka and its 
termination occurred shortly after 29 ka.  This advance is the Wanaka catchment NZ LGM advance.   
The Wanaka 4 oscillation is unconstrained, except that it post-dates the Wanaka 3 oscillation  Based 
on its large extent, reaching the end of the Lake Wanaka basin, it is inferred to be the LGM advance 
in this system.   
The older advances in this system support the concept of more persistent extensive ice during the 
last glacial cycle (Otiran) than is generally considered.  
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LIST OF FIGURES  
FIGURE 1: Map of field area 1:50 000 map sheet F40 ‘Wanaka’ referencing 1:250 000 map sheet 
18 ‘Wakatipu’. 
 
FIGURE 2: Depiction of metamorphic facies (Plate A) and textural zonation (Plate B) within the 
Wakaitipu area.  1: Beacon Point and Kirimoko Crescent sites.  2: Glendhu Bay site.  From 
Turnbull, 2000. 
 
FIGURE 3:  Interpreted extent of ice for the Palaeo-Wanaka and Matukituki glaciers during 
Wanaka Oscillations 1 and 2.  Assumptions have been made for ice thickness, as well as the 
positions of ice coalescence for the Palaeo-Wanaka-Matukituki glaciers.  A: Wanaka Oscillation 1 
Advance.  B: Wanaka Oscillation 1 Retreat. C: Wanaka Oscillation 2 Advance.  D. Wanaka 
Oscillation 2 Retreat. 
 
FIGURE 4:  Interpreted extent of ice for the Palaeo-Wanaka and Matukituki glaciers during 
Wanaka Oscillations 3 and 4.  Assumptions have been made for ice thickness, as well as the 
positions of ice coalescence for the Palaeo-Wanaka-Matukituki glaciers.  A: Wanaka Oscillation 3 
Advance.  B: Wanaka Oscillation 3 Retreat. C: Wanaka Oscillation 4 Advance.  D. Wanaka 
Oscillation 4 Retreat. 
 
FIGURE 5: General terminal positions of palaeo-Wanaka/Matukituki glaciers during ice retreat, 
specifically for Wanaka Oscillation 2 and 3 retreats.  Note sharp retreat of relative ice margins up 
the Wanaka and Matukituki catchments. Assumed ice margins follow sharp elevation gains, 
marking relative bedrock/alluvial boundary.  Sites are notated by boxed numbers.  1: Beacon Point.  
2: Kirimoko.  3: Glendhu Bay.  Arrows denote ice flow direction. 
 
FIGURE 6: Google map view of Beacon Point field area referencing 1:50 000 geological map 
sheet. 
 
FIGURE 7: Beacon Point Site: Gully 1.  Structural Cross-Section.  Suspended from lake level 
(bottom of litholog) 
FIGURE 8: Beacon Point Site: Gully 1.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
FIGURE 9: LFA 2 Stratified gravels from Gully 1 (LF 1-2).  Excavator handle is 0.9 m in length. 
FIGURE 10: LFA 2 Stratified sands and gravels from Gully 1 (LF 2-1).  Note ductile deformation 
of beds, and artificial concentration of gravels outlined in yellow.  Visible excavator is 0.4 m in 
length. 
FIGURE 11: Synthetic deformation of LFA 2 (right-hand side of black line and upper left pod) and 
LFA 3.  The red lines in the upper left demark the sense of movement caused by shear stress.  The 
black lines delineate the boundary between gravel-rich and gravel-poor sediments and illustrate 
intensity of deformation. 
FIGURE 12: Intense ductile deformation.  Red line marks the boundary between the underlying 
sediments of LFA 2 mass flow deposit (LF 2-1) and overburden.  Black lines denote failure planes, 
and illustrate intensity of deformation. 
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FIGURE 13: Deflection/collapse from extensional deformation of LFA 3 rhythmically bedded silts 
(LF 3-1) around intact megablock.  Yellow line separates overburden from LFA 3 sediments.  Black 
lines outline megablock with relatively horizontally bedded sediments (A) abutting against vertical 
sediments (B).  Red arrows denote trend of steeply dipping LFA 3 silts.      
FIGURE 14: Stratified gravels (LF 1-2) on top of LFA 3 rhythmically bedded silts (LF 3-1).  
Right-hand photo shows LF1-2 in detail.  Visible excavator is ~0.3 metres in length. 
FIGURE 15: LF 2-2 mass flow deposit/diamicton related to second major advance in Gully 2.  
Note dispersed clasts in massive unsorted sediment.  Excavator visible in bottom right corner is 
~0.4 m in length. 
FIGURE 16: LFA 4 clast supported angular boulders (LF-4-1) capping LFA 2 diamicton.  Boulder 
in centre of photo is angular m eta-greywacke.  Excavator is 0.9 m long. 
FIGURE 17: Beacon Point Site: Gully 1.  Structural Cross-Section.  Suspended from lake level 
(bottom of litholog). 
FIGURE 18: Beacon Point Site: Gully 1.  Photograph locations referencing figures (F1 for Figure 
1, etc.) and sample provenance for OSL and clastics data. 
 
FIGURE 19: LFA 5 deltaic facies,  planar fine quartz sand with silty micaceous sand interbeds 
(LF5-1) on left, with transition to LF 5-2 tabular cross-bedded sands with granule/pebble and sandy 
silt interbeds on right.  Trowel is 0.3 m long.  Note flame structure to left of trowel in left-hand 
figure.  Red arrows shows placement of OSL samples USU 909 on left and USU-908 on right. 
 
FIGURE 20: LFA 5 tabular cross bedded granule to pebble (LF 5-3) between red lines.  Red lines 
denotes erosional surface between LF 5-2 and LF 5-3.  Green box denotes position of Figure 20.   
 
FIGURE 21: Normal faulting of LF 5-3 top sets with normal fault penetrating unit.  Arrows give 
sense of motion and illustrate the plane of failure.  Displacement is approximately 0.2 m. 
 
FIGURE 22:  LFA 2 highly contorted silty diamicton with pods and interbeds of sands and gravels 
(LF 1-1) on left hand side, and LFA 6 open-work granule to pebble/gravel (LF 6-1).  Note LFA 2 
unit thinning from right to left.  Black lines denote unit; red lines denote shear-fault planes.  Trowel 
is 0.3 m long. 
 
FIGURE 23: Appearance of possible LFA 3 rhythmically bedded silts (LF3-1) above LFA 6 open 
work granule to pebbles (LF 6-1).  Black lines bound the silts on the bottom with LF 6-1 and on the 
top with what appears to be partially slumped cover.  Trowel is 0.3 m long. 
 
FIGURE 24: Opposite face in Gully 2, looking SE.  Solid black lines outline unobscured LFA 1 
stratified sands and gravels.  Coarsely dashed line represents inferred base of LFA 2 massively silty 
diamicton with scattered gravel to cobble (LF 2-2).  The hashed area is obscured by slump.  
 
FIGURE 25:  LFA 1 stratified sands and gravels (LF 1-2) above the 8 metres of  cover on left hand 
side.  Right hand side displays deformation related to dewatering, with dashed black line marking 
interpreted boundary for overlying LFA 2.  Visible excavator is 0.8 m in length.  
 
FIGURE 26: Angular unconformity formed by normal fault between the underlying LFA 1 
stratified sands and gravels, and the overlying LFA 2 highly contorted silty diamicton with pods and 
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interbeds of sands and gravels (LF 2-1).  Red lines denotes fault plane trace with arrows showing 
sense of movement.  Solid black line separates overlying LFA 2 sediments and LFA 1 sediments 
seen in hanging wall.  Dashed black line delineates extent of exposure from overburden.      
FIGURE 27: Detail of Figure 25 directly to left of excavator handle, displaying the sense of motion 
along the normal fault.  Note angle of clasts in hanging wall block being approximately 45° to the 
essentially horizontal sediments in the foot wall block.  The red line denotes the fault plane 
lineation.  FW = Foot wall, HW = Hanging wall. 
FIGURE 28: Large boulder at the top of Gully 2, being a suspected LFA 4 primary glacial 
sedimentary unit.  Boulder is approximately 2 metres across and 2 metres high. 
FIGURE 29 Beacon Point Site: Gully 3: Structural cross-section.  Section suspended from lake 
level (bottom of litholog). 
 
FIGURE 30: Beacon Point Site: Gully 3.  Photograph locations referencing figures (F1 for Figure 
1, etc.) and sample provenance for OSL and clastics data. 
 
FIGURE 31: LFA 3 rhythmically bedded silts (LF 3-1) in left hand photo of Gully 3.  Right hand 
photo displays LFA 1 stratified sands and gravels ~1 metre above outcropping of LFA 3 lacustrine 
sediments.  Trowel is 0.3 m long. 
 
FIGURE 32: Base of LFA 1 stratified sands and gravels above LFA 3 lacustrine sediments.  In 
photos, note large LFA 7 colluvial cover obscuring the section, composed of upsection sediments 
which are heterogeneous in grain size and lithology. 
FIGURE 33: LFA 2 massive silty diamicton with scattered gravel to cobble.  LF 2-1 (outlined with 
red lines) is shearing the underlying LFA 1 stratified sands and gravels (LF 1-1), whilst the 
overlying LF 1-1 appears to be relatively intact. 
FIGURE 34: Kirimoko Crescent photo 1 of 9 from start of exposure.  Inferred lineations are taken 
from surrounding clinoforms.  Note abutment of LF 3-1 monocline and upsection LF 2-1vertically 
deflected clinoforms against uppermost LF 3-1 clinoform bounding surface, suggesting either 
erosional unconformity or trace of slip plane.  Red circle represents placement of OSL sample USU 
911. 
 
FIGURE 35: Kirimoko Crescent photo 2 of 9 from start of exposure. Note inset package of LF 3-2 
in the underlying LF 2-1 on right hand side of photo; interpreted as a horse segment within a thrust 
duplex.  The red zone denotes area of finer investigation described in text (see Figure 36). 
 
FIGURE 36: Enhanced view of sheared LF 2-1 mass flow deposit from Kirimoko Crescent photo 2 
of 9 from start of exposure.  Yellow lines denote trace of LF 2-1 clinoforms (dashed lines are 
inferred trace).  Black lines along top of figure separate the uppermost LF 7-1 loess from the thin 
underlying LF 1-1 stratified sand and gravel.  Note decoupling of clinoforms in middle left of figure 
with deflection of the topmost bed from the lowermost bed.   
FIGURE 37: Kirimoko Crescent photo 3 of 9 from start of exposure. Note overall thinning of LF 3-
1 clinoforms and loss of sympathetic deformation moving up-section; interpreted as artifact of 
intensified local shearing and duplex development.  Monoclinal segment of LF 3-1 in middle of 
photo represents horse fragment shearing vertically through section.  Note sharp downward 
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deflection of basal LF 2-1 sediments.  Red squares denote areas of enhanced resolution described in 
Figure 38. 
FIGURE 38: Enhanced areas of resolution from Kirimoko Crescent photo 3 of 9 from start of 
exposure. A: Deformed laminated LFA 3- with convolute laminations.  B: Intensely ferruginized 
laminations.  C: Sheared and deflected LFA 3-1 silts.  Ferruginization is considered to be a function 
of constituent minerals within thin bands, with oxidation of iron-containing lithic fragments 
producing several phases of iron oxide (possibly limonite/goethite).  Note deformational style 
carries through to finer intrabed laminations, illustrating deformation intensity and suggests 
elevated water saturation during period of deformation.    
 
FIGURE 39: Kirimoko Crescent photo 4 of 9 from start of exposure.  Note sympathetic 
deformation of LF 3-1 and LF 2-1 sediments towards middle of photo, with the apparent anticlinal 
apical trace of LF 3-1 having been eroded away. The lower bounding surface of LF 1-1 is 
considered to be the trace of an erosional unconformity.  Red square denotes area of enhanced 
resolution described in text (see Figures 40 and 41).  
 
FIGURE 40: Enhanced view of synformal LFA 3-1 deposit from Kirimoko Crescent photo 4 of 9 
from start of exposure.  Note near vertical abutment of LFA 3-1 clinoforms with overlying LF 1-1 
bounding surface.  Red squares denote further enhanced areas of resolution described in text (see 
Figure 41). 
 
FIGURE 41: Enhanced view from Kirimoko Crescent photo 4 of 9 from start of exposure.  All sites 
display convolute deformation with boudinage of individual beds, and plastic/brittle disruption.  
Zone A displays pillowed mm-cm scale beds with local loss of bed cohesion due to dewatering 
(pillowed area in centre right of A).  Zone B illustrates the plastic deformational style at the scale of 
bedding and laminae.  Zone C illustrates the brittle style of deformation at the bedding/laminae 
scale. 
 
FIGURE 42: Kirimoko Crescent photo 5 of 9 from start of exposure.  Note continued duplex 
construction, with horse segments noted at the right and left-hand edges of the photo.     .   
 
FIGURE 43: Kirimoko Crescent 6 of 9 from start of exposure.  Note that exposure is consists of 
two horses.  The right-hand segment is composed of LF 2-1 sediment, and is truncated by a horse 
composed of LF 3-1 sediment.  Red zone denotes area of enhanced resolution described in text and 
shown in Figure 44. 
 
FIGURE 44: Enhanced areas for Kirimoko Crescent photo 6 of 9 from start of exposure.  Zone A 
exhibits kink banding in individual silty very fine sand units of LFA 3-2.  Zone B illustrates classic 
recumbent folding imposed upon a ferruginized sandy LFA 3-2 interbed.  Red line approximates 
repose angle and trace of axial fold plane.  Blue arrows denote relative shear on the trace. 
 
FIGURE 45: Kirimoko Crescent photo 7 of 9 from start of exposure.  The heavy colluvial cover 
gives only partial exposure of the LF 3-1 unit. 
 
FIGURE 46: Kirimoko Crescent photo 8 of 9 from start of exposure.  Note longer clinoform 
wavelengths, and absence of duplex deformational style, suggesting a weakening of deformation 
intensity.  The LF 1-1 unconformity is still present, as seen with termination of several beds against 
the trace of the unconformity. 
 
FIGURE 47: Kirimoko Crescent photo 9 of 9 from start of exposure.  The weakening of 
deformational intensity is again illustrated. 
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FIGURE 48: Google map view of Glendhu Station field area referencing 1:50 000 geological map 
sheet. 
FIGURE 49: Glendhu Station: Site 1 - structural cross section.  Section suspended from Fern Burn 
base level (bottom of litholog). 
 
FIGURE 50: Glendhu Station Site 1.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
 
FIGURE 51: Geological map of Glendhu Bay area showing outcropping higher grade 
metamorphics within the Matukituki River valley and margins of Fern Burn.  Yellow line is the 
metamorphic isograd between the metamorphic grades of schist.  Green line is the Motatapu Road. 
(Source: Turnbull, 2000; Google 2012). 
FIGURE 52: Profile view of first site from Glendhu Station study area.  Right-hand side of photo 
displays exposure. 
 
FIGURE 53: View looking towards SW along top of escarpment from top of delta (wave-cut 
platform). 
 
FIGURE 54:  Site 1 with broken exposure, with left-hand photograph displaying gravelly indurated 
units and deflated sandy units.  Right-hand photograph (corresponding to red square on left) 
displays low angle planar coupled pebble / gravel sands (LFA 5-2 and LFA 5-3, respectively), with 
silty sand interbed (LFA 5-1).  Trowel is 0.3 m in length.  Note excavated portion of section to left 
of trowel where OSL sample USU 1094 was taken. 
 
FIGURE 55:  Interbedded sands and gravels (right-hand photo), with closer view of gravel / pebble 
lag demarking clinoforms (left-hand photo).  The three LFA 5-2 and LFA 5-3 couplets are 
numbered 1 to 3.  Note intervening LFA 5-1 silty sand interbed (arrowed red).  Demarcations on 
survey tape are in centimetres.  Right hand photo displays process of lateral correlation through 
covered portions of the section.  Darker beds denote silt/clay-rich clinoforms due to moisture 
retention after ‘cleaner’ sands have partially dried. 
 
FIGURE 56:  Low angle erosional unconformity between LFA 5-3 and LFA 5-1 (yellow line) in 
right hand (RH) photo, denoting an erosional surface, marking the cessation of deltaic progradation 
and deposition of LFA 5-1 (deltaic topsets), as well as a short interval of quite minor downcutting to 
remove topmost sediments of last foreset.   The left hand (LH) photo is LFA 5-3 (stratified sands 
and gravel topsets) outcropping above the dashed yellow line in RH photo.   
 
FIGURE 57: Looking toward the top of the exposure with LFA 5-3 in the foreground. 
FIGURE 58: Looking towards the top of the section at the indurated beach gravel lithofacies (LFA 
6-1). 
 
FIGURE 59: Beach gravels (LFA 6-1) in profile.  Note open-work framework and sorting 
dependent upon grain shape. 
 
FIGURE 60: Large schist boulders deposited directly on top of beach gravels (LFA 6-1).  Position 
of boulders is only apparent, as present position may be a function of slumping. 
 
FIGURE 61: Glendhu station: Site 2 - structural cross section. Section suspended from Fern Burn 
base level (bottom of litholog). 
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FIGURE 62: Glendhu Station Site 2.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
 
FIGURE 63: Lithofacies summary for Site 2.  Blue line across face denotes edge of correlatable 
exposure.  Red arrows illustrate slip plane between exposure and debris apron across bottom. 
 
FIGURE 64: Panorama image of Site 2 with four specific areas of interest investigated in finer 
detail (areas A-D).  The green boxes separate the exposure into 4 general zones defined by 
deformation style.  A: Deflection of sand bed from decollement and poorly developed boudinage.  
B: Further unit deflection up exposure with brittle kink and chevron folds.  C: Recumbent folding of 
sand unit with loss of bed cohesion.  D: Boudinage of sand bed and trend of surrounding gravels 
across exposure. 
FIGURE 65: Macroview A of Site 2 exposure.  Image is orientated SSW to left and NNE to right.  
The black lines define the sand unit from the surrounding LF 1-1 sands/gravels.  The dashed yellow 
lines trace the trend of sympathetic deformation transferred from the sheared sand into the 
surrounding sediments.  The dashed red line defines the axial trace for synforms and antiforms 
noted in the exposure, specifically where they can be followed from the sand body into the 
surrounding LF 1-1 sediments.  The dotted red line is a correlation between sheared portions of the 
same sand unit.  The red arrows display the assumed datum for the trace of the failure plane along 
which the observed deformation initiated, and the apparent direction shear stress propagated. 
 
FIGURE 66: Site 2 macroviews for areas B / C / D.  Small blue arrows denote sense of movement 
for faulting.  Large blue arrows in Area C denote sense of shear between the limbs of recumbent 
fold.  The solid red lines record the axial traces for folds specifically in the sand unit.  The solid 
blue line delineates the exposure from the obscuring debris apron downsection.  The dotted black 
lines delineate an obscured sand body.  The dotted yellow lines denote the assumed trend of 
deformation not observed in the exposure. 
 
FIGURE 67: Glendhu Station: Site 3 - structural cross-section. Section suspended from Fern Burn 
base level (bottom of litholog). 
 
FIGURE 68: Glendhu Station Site 3.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
 
FIGURE 69: Lithofacies summary for Site 3.  Red lines mark trace of fault plane, with red arrows 
denoting sense of movement along faults along a boudinaged sand bed.  Dashed yellow lines trace 
the trend of sediment deformation across exposure.  The black lines denote measured (solid) and 
assumed (dashed) bounding surfaces defining changes in grain size.  The red area outlines a portion 
of the exposure investigated in higher detail in Figure 69.    
FIGURE 70: Site 3 macroviews on basal LFA 1-1 stratified sands. 
 
FIGURE 71: Image of LFA 2-2 sheared unsorted gravels and silts, being a sub-aqueous mass flow 
deposit with a variably sheared overprint.  Dashed yellow lines trace the trend of sediment 
deformation across exposure.  The black lines denote measured (solid) and assumed (dashed) 
bounding surfaces defining changes in grain size.    
 
FIGURE 72 Colluvial cover on Site 3, displaying shear lineations, pinched out sand beds and 
partial outline of slump block.  Solid black lines denote measured bounding surfaces defining 
changes in grain size.  The dotted red lines are assumed correlations of bounding surface through 
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overburden across the exposure.  The dashed black lines follow deformation trends across the 
exposure.  
 
FIGURE 73: Displays slump block with staged modern slumping.  Pale yellow are the oldest scarp 
faces and slump blocks, pale green area is the next youngest slump, and pale blue area is the 
youngest slump block identified.  Isolated pale yellow patches are sediments that have been 
plastered to outcropping LFA 1-1 and 1-2. 
 
FIGURE 74: Sequence Stratigraphy for the Beacon Point sections. 
 
FIGURE 75: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green 
mark) during the Wanaka Oscillation 1 Advance (corresponds to Beacon Point Glacial Advance 1).  
Assumptions are made for ice thickness, lake levels and fluvial incision, with some account of 
topographic influences taken.  A:  Development of delta.  B: Lake Wanaka ice advances downward 
towards the Wanaka/Clutha confluence, causing the lake level to rise.  C: Palaeo-Lake Wanaka 
glacier advance over the site. 
FIGURE 76: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green 
mark) during the Wanaka Oscillation 1 Retreat, and the Wanaka Oscillation 2 Advance/Retreat 
(corresponds to Beacon Point Glacial Retreat 1, and Glacial Advance/Retreat 2).  Assumptions are 
made for ice thickness, lake levels and fluvial incision, with some account of topographic influences 
taken.  A. Retreat of ice back from the Wanaka/Clutha confluence, with Clutha river dammed by 
outwash.  B: Lake Wanaka ice advances over top of lacustrine sediments.  C: Palaeo-Lake Wanaka 
glacier retreats up-valley without apparent further advance, leading to the development of Gully 3 
incision and Clutha drainage. 
FIGURE 77: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green 
mark) during the Wanaka Oscillation 3 Advance/Retreat (corresponds to Beacon Point Glacial 
Advance/Retreat 3, and Kirimoko Crescent Glacial Advance/Retreat).  Assumptions are made for 
ice thickness, lake levels and fluvial incision, with some account of topographic influences taken.  
A: Ice begins to advance back down Lake Wanaka, developing a broad outwash.  B: Lake Wanaka 
ice advances over top of the outwash gravels.  C: Palaeo-Lake Wanaka glacier retreats up-valley, 
with development of recessional moraines at Kirimoko Crescent. 
FIGURE 78: Google Earth image of recessional moraines centred upon Kirimoko Crescent 
(Google Earth, 2015). 
 
FIGURE 79: Geomorphic map of Glendhu Station area with marked meltwater channels and 
palaeo-lake margins for glacial Lake Wanaka. 
 
FIGURE 80: Sequence Stratigraphy for the Glendhu Bay Sections. 
 
FIGURE 81: Relative ice positions for (green mark) during the Wanaka Oscillation 2 and 3 
Advance/Retreat (corresponds to Glendhu Bay Glacial Advance/Retreat 2 and 3).  Green dots are 
Sites 1 through 3 (north to south, respectively).  Assumptions are made for ice thickness, lake levels 
and fluvial incision, with some account of topographic influences taken.  A. Ice advances down the 
Motutapu tributary of the Matukituki river, as well as down the Wanaka catchment and advances up 
Glendhu Bay/Fern Burn catchment.  B. Both the Matukituki and Wanaka ice flows retreat back 
down their respective catchments –the proglacial lake is assumed by considered to be highly likely.  
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C. Ice readvances during the Wanaka Oscillation 3 phase, with discreet proglacial lakes appearing 
along the Wanaka glacier margin.  D. Wanaka glacier retreats well into the catchment, with active 
delta formation occurring within Glendhu Bay. 
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ABBREVIATIONS 
LITHOFACIES DESCRIPTIONS 
LF 1 (Braided Stream Facies) 
LF 2 (Mass Flow Facies) 
LF 3 (Lacustrine Facies) 
LF 4 (Primary Glacial Facies) 
LF 5 (Deltaic Facies) 
LF 6 (Beach Facies) 
LF 7 (Aeolian Facies) 
 
G1 (Gully 1: Luke’s Gully with heavily contorted Diamict/Lacustrine) 
G2 (Gully 2: Deltaic Sands) 
G3 (Gully 3: Thick Gravels) 
Kiri (Kirimoko Crescent) 
WA (Wanaka – Mount Aspiring Road) 
GD1 (Glendhu Site 1) 
GD2 (Glendhu Site 2) 
GD3 (Glendhu Site 3) 
 
VA Very Angular  A Angular  SA Subangular 
SR Subrounded  R Rounded WR Well Rounded 
 
Wentworth Scale (in mm) 
 
Caveat: I am unable to discern to the 1/100
th
 of a mm, but am including the decimal place for the 
sake of clarity. 
 
VFL Very Fine Lower  Sand (0.06 – 0.08) VFU Very Fine Upper Sand(>0.08 – 0.13) 
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FL Fine Lower Sand (>0.13 – 0.18)     FU Fine Upper Sand (>0.18 – 0.25) 
ML Medium Lower Sand (>0.25 – 0.35)               MU Medium Upper Sand (>0.35 – 0.50) 
CL Coarse Lower Sand (>0.50 – 0.71)                CU Coarse Upper Sand (>0.71 – 1.00) 
VCL Very Coarse Lwr Sand (>1.00 – 1.41)  
VCU Very Coarse U’er Sand (>1.41 – 2.00) 
Granule  (>2.00 – 4.00)   Pebble   (>4.00 – 6.00) 
Fine Gravel  (>6.00 – 16.00)  Medium Gravel (>16.00 – 32.00) 
Coarse Gravel  (>32.00 – 64.00)  Cobble   (>64.00 - 256) 
Boulder  (>256) 
 
GEOCHRONOLOGY 
LGM Last Glacial Maximum   OSL Optically Stimulated Luminescence 
IRSL Infra Red Stimulated Luminescence  K Potassium 
U/Th Uranium / Thorium Series Dating  SED Surface Exposure Dating 
MIS Marine Isotope Stage 
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OBJECTIVES 
This study involves completing a sedimentological and stratigraphic study on several adjacent 
sections in the Clutha Valley focussing along the SE side of Lake Wanaka (Otago province, South 
Island, New Zealand), and other major sediment exposures to the SSE of the lake (see Figures 1 and 
2).  The purpose of this project is to bring chronostratigraphic and lithostratigraphic control and an 
understanding of the nature of glacial activity to an area believed to preserve more than one glacial 
advance, creating a template that can be applied to other areas around Lake Wanaka and the Clutha 
River Catchment in general, where glacigenic sediment are found to be preserved.   
With the possibility of multiple glacial advances preserved in the outcrop, it would be one of a few 
rare records that allow the investigation of both the nature of and forcing factors for pre-LGM 
glaciation.  The only other published localities are on pre-LGM glaciation, which include 
glaciolacustrine sequences from the middle Rakaia valley (Shulmeister et al; 2010) and a 110 m-
incised valley fill from the Hope Valley (Rother et al; 2010). The Rakaia and Hope records display 
similar environments but age correlation has proved challenging because of difficulties with the 
Hope Valley chronology. The Clutha outcrops may allow the definition of regionally important 
phases of glacial advance (and retreat).  
This study attempts to construct a dataset that can be compared to other intensive sedimentological 
studies across South Island.  This will be accomplished through the completion of detailed 
sedimentological studies on preserved outcrop, attempting to interpret available geomorphology, 
and building a timeframe from datable sediments.  Several discussions will follow using the 
Wanaka-specific timeframe to compare sites across South Island and New Zealand. 
INTRODUCTION 
The concept of glaciation as a hemispheric or global phenomenon (asynchronous and synchronous 
glaciation, respectively) has been debated over the last two centuries, since the initial 
acknowledgment of glacial sequences involving multiple episodes of ice advance and retreat 
reported by Louis Agassiz in his 1840 volume Study of Glaciers.  Discussion on whether glaciations 
are synchronous (in phase) or asynchronous (out of phase), between the Northern and Southern 
Hemispheres arises from attempting to understand what climatic mechanisms ‘force’ glacial cycles 
to begin or terminate, and the causative factors that drive those mechanisms.  The most well 
recognised causative factors that determines the solar budget available for global heat exchange is 
the relative position of our planet to the Sun.  This forcing is calculated from the interaction and 
periodicity of specific aspects controlling Earth’s three-dimensional orientation and rotation around 
the Sun: Obliquity (changes in Earth's geographic N-S axial tilt), Precession (movement of Earth's  
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FIGURE 1: Map of field area 1:50 000 map sheet F40 ‘Wanaka’ referencing 1:250 000 map sheet 18 ‘Wakatipu’ 
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FIGURE 3: General terminal positions of palaeo-Wanaka/Matukituki glaciers during ice advance.  Assumed ice margins follow sharp elevation gains, 
marking relative bedrock/alluvial boundary  Boxed question marks emphasize the fact that terminal positions for Wanaka ice moving SE of the 
Wanaka townsite and E towards Lake Hawea during earlier glaciations cannot rely upon the current assigned positions for glacial maxima within the 
Wanaka catchment.  Sites are notated by boxed numbers.  1: Beacon Point.  2: Kirimoko.  3: Glendhu Bay.  Arrows denote ice flow direction.  
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FIGURE 4: General terminal positions of palaeo-Wanaka/Matukituki glaciers during ice retreat, specifically for Wanaka Oscillation 1 retreat.  Note 
slight retreat of relative ice margins, and assumed loss of ice coalescence between Matukituki and Wanaka ice.  Assumed ice margins follow sharp 
elevation gains, marking relative bedrock/alluvial boundary.  Sites are notated by boxed numbers.  1: Beacon Point.  2: Kirimoko.  3: Glendhu Bay.  
Arrows denote ice flow direction. 
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FIGURE 5: General terminal positions of palaeo-Wanaka/Matukituki glaciers during ice retreat, specifically for Wanaka Oscillation 2 and 3 retreats.  
Note sharp retreat of relative ice margins up the Wanaka and Matukituki catchments. Assumed ice margins follow sharp elevation gains, marking 
relative bedrock/alluvial boundary.  Sites are notated by boxed numbers.  1: Beacon Point.  2: Kirimoko.  3: Glendhu Bay.  Arrows denote ice flow 
direction.  
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N-S axis around a fixed point in space), and Eccentricity (the intensifying and weakening of Earth's 
elliptical orbit).  The concept of insolation (solar radiation on Earth’s outer atmosphere) being 
dependent upon variations in Earth’s orbit was theorized by Joseph Adhemar (1842) and James 
Croll (1875) as possibly being causal to the cyclicity of glaciation.  Milankovitch (1941) developed 
the concept further by calculating orbital cycles, emphasizing the interphase relationships between 
the three orbital aspects mentioned above, and the resulting cycles of insolation pacing cycles of 
glaciation.  These efforts were combined with advancements in isotopic and palaeomagnetic dating 
methods, improved methodology for the 18O palaeothermometer (Shackleton, 1967), and fine-
scale sedimentation recorded in deep ocean cores by Hays et al. (1976) in Variations in the Earth’s 
Orbit: Pacemaker of the Ice Ages.  This synthesis illustrated the relationship between the onset of 
Quaternary glaciations and Milankovitch forcing, but most importantly that glaciation is a global 
phenomenon. 
It should be noted (after Imbrie et al. 1993) that although the three combined orbital shifts vary, 
solar insolation (at least for the last 400 kyr) in a 100-kyr cycle, obliquity and eccentricity cycles 
display a sinusoidal increase and decrease in radiation, without any major bias between the 
Northern and Southern hemispheres.  However, precession has the Earth’s axial tilt pointing away 
from the Sun during insolation minima (more SH / less NH exposed to radiation) and towards the 
Sun during insolation maxima (more NH / less SH exposed to radiation), introducing a radiation 
bias between North and South.  The determination of whether glaciation will be synchronous or 
asynchronous between the hemispheres may be dependent upon a single cycle or a synthesis 
between two or more orbital frequencies. 
Movement of Climate Between Hemispheres 
There are two main mechanisms for the connection of climate between the hemispheres.  The first 
is interhemispheric transmission of climate through the atmosphere, specifically in relation to 
greenhouse gas (GHG) concentrations (mainly water vapour and carbon dioxide).  This mechanism 
has been called the ‘principal control knob’ dictating the temperature of the Earth (Lacis et al., 
2010).  With particular emphasis on carbon dioxide concentrations, longwave re-radiation of solar 
insolation provides important source for the energy budget of the planet. GHG concentrations are 
redistributed around the global atmosphere on a sub-annual basis.   
The second mechanism is the so-called Thermohaline Circulation (THC) (Rooth, 1981), and the 
role it plays in distributing the hydrosphere’s share of the energy budget over the Earth’s surface, 
especially net heat release in the North Atlantic.  Broecker’s (1991) description of the THC as a 
conveyer belt is apt, with the movement of relatively warmer and more buoyant (less saline) surface 
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ocean water into higher and cooler latitudes, releasing heat with a related increase in salinity.  The 
relatively denser waters sink deeper into the water column, being further driven by wind 
evaporation.   This downwelling of water in the Atlantic creates a density gradient between the 
Atlantic and Pacific Oceans, where Pacific upwelling of bottom waters absorbs heat and is again 
driven northward via the Antarctic gyre current.  For a single molecule of water to sink in the North 
Atlantic, resurface at lower latitudes, and travel back to the point of downwelling has been 
calculated to be approximately 1500 years (Schulz; 2002) which closely matches periods of iceberg 
rafting (Dansgaard-Oesshger events), and suggests southerly movement of North Atlantic 
Deepwater (NADW) creation (Broecker, 1994).  The role of THC in moving heat around the planet, 
and the possible factors by which heat transference may have stopped and started through this 
mechanism has further developed the paradigm of THC as a ‘global conveyor’ and heat pump.  The 
identification of scenarios where THC weakening (Bond et al., 1997) or cessation (Broecker, 2006) 
forces the onset of glaciation have shown the vital role THC has in manipulating climate. 
Teleconnections in Glaciation 
Milankovitch forcing, atmospheric greenhouse gases and THC are mechanisms that exert a global 
influence on climate. When a single forcing mechanism, or a synoptic climate forcing event (i.e., El 
Nino Southern Oscillation [ENSO]) causes two or more geographically displaced regions to display 
related patterns of climate variability (i.e., warmer/cooler N. American winters and drier than 
normal winters around the eastern Australian coast), the relationship is known as a teleconnection 
(Kotlyakov and Smolyarova, 1990). 
The concept of teleconnections becomes critical in the debate regarding synchronous or 
diachronous glaciations between the Northern and Southern hemispheres.  An example would be 
attempting to approximate the timing of glaciation in the Southern Hemisphere using a Northern 
Hemisphere chronology (and vice versa) when interpreting undated landforms.  Without knowing 
for certain if glaciation is globally synchronous, such extrapolations are possibly incorrect, with an 
unknown magnitude of error.  Porter (2000) notes that such heuristic approaches to the global 
glacial chronology are highly problematic, calling these interpretations examples of ‘reinforcement 
syndrome’.  This circular logic is applied where earth scientists attempt to fit observed landforms in 
one hemisphere into the glacial chronology of another.  This practice requires an assumption that 
the glacial chronology is synchronous with a complete chronology  
From this standpoint, the question can be asked whether or not glaciation occurs across the globe at 
the same time, or if it there is a time lag between hemispheres for the initiation of a glacial cycle.  In 
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the larger context of global climate, the extent and timing of glaciation in New Zealand could 
possibly provide insights into the framework that governs global climate.   
Evidence Basis for Synchronous and Asynchronous Glaciation 
The onset of glacial events in the Northern and Southern hemispheres has been thought to be 
synchronous by several authors (Denton and Hendy, 1994; Ivy-Ochs et al., 1999; Schaefer et al., 
2006), using proxy dating methods derived from ice cores (basis for Marine Isotope Stages and 
recognition of glacial/interglacial signal in the sedimentary record), and noting similarly aged 
deposits (i.e. cosmogenic exposure ages and 
14
C ages) representing ice withdrawal from terminal 
moraine positions (where preserved) found on continents from both hemispheres.  In arguing for 
asynchronous glaciation, the ice core proxy is equally important.  Debate over methodologies of 
dating (ex. Barrows et al., 2007, comments on dating the Waiho Loop) and landform context (Tovar 
et al., 2008, discussion of Waiho Loop origins) encourages the re-examination of the glacial 
depositional record, and refining the framework through which glacigenic sequences are 
interpreted.    
A strictly Southern Hemisphere example is from Tyson et al. (1997) studying the atmospheric 
teleconnections affecting glacial advance/retreat recorded from West Coast glaciers on NZ South 
Island (i.e., Franz Josef), and the dry (NZ ice advance) to wet (NZ ice retreat) periods in Southern 
Africa. The expression of these teleconnections is considered by Tyson et al. (1997) to be related to 
changing pressure fields over the Southern Ocean. 
Glaciation Chronology of South Island, New Zealand 
The ongoing investigation into chronologies for the South Island’s glacial provinces 
(Nelson/Marlborough, Westland, Canterbury, Otago – map areas from Fitzsimmons, 1997) draws 
on a number of dating proxies and techniques: ice cores, pollen records, organic/inorganic dating 
techniques (biologically sequestered elements and radiogenic isotopes, respectively), and other 
quantitative methodologies.  Testing the veracity of these constantly fluctuating temporal 
frameworks is (wholly) dependent upon finding suitable material that can be reliably dated, be 
robust enough to be repeatable (high precision), and preferably preserving at least one complete 
cycle of advance and retreat.  Glacigenic sediments satisfying these requirements are very sparse in 
New Zealand, and places the emphasis of research upon acquiring a more complete understanding 
of the processes controlling glaciation, and how these processes are linked to the glacial record. 
There is a growing literature on the timing and nature of glaciation in New Zealand.  In particular, 
the Mt. Cook area (Gellatly, 1985; Winkler, 2005; Schaefer et al, 2009), Canterbury (Soons, 1973; 
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Shulmeister et al, 2010) and Westland (Denton and Hendy, 1994; Suggate and Almond, 2004; 
Shulmeister et al, 2009; Evans et al, 2010) have many studies. In contrast, Central Otago is one of 
the largest glacial provinces in New Zealand’s South Island, but has scarcely any published glacial 
work.  
There are both a lack of reliably dated glacial materials, and there is no published sedimentological 
study on glacigenic landforms. Consequently, the available glacial chronology for this region is 
almost wholly reliant on qualitative and relative dating methods with errors in the tens of thousands 
of years.  The dating is based in the main on a count back system using the global marine isotope 
stages (Thomson, 1997).  The terminal moraine furthest up the catchment is denoted as being the 
youngest, while moving down the catchment ages are sequentially assigned the next oldest MIS 
number to the closest preceding terminal moraine, proceeding back to the LGM and then previous 
glaciations.  Such a system does not allow for the possibility of younger advances that are more 
extensive than earlier glaciations, which would overprint and possibly obliterate the older sequence.  
However, this approach may be applicable in areas of high uplift rates as found in New Zealand, 
assuming a relatively even rate of uplift, with younger sediments becoming nested inside older 
sequences from repeated incision and deposition (Suggate, 1990).  Essentially, the glacial history 
for the Clutha River catchment and the wider central Otago region has been virtually 
uninvestigated.   
Evidence for Glaciation in the Wanaka Catchment 
A catalogue of NZ glaciers was synthesized by Chinn (2001), recording 3144 modern glaciers, 
emplaced between Mount Ruapehu (39 15’ S) and southern Fiordland (45 57’ S).   Summarizing 
from Suggate (1990) and Chinn (1996), the LGM for the South Island saw continuous glaciation 
along the median of the Southern Alps.  To the west, glaciers are steeper and shorter, with termini 
reaching the ocean for glaciers in the southern half of the island.  To the east, glaciers have a lower 
angle of repose, but are much longer in profile, with piedmont (montane glaciers that have migrated 
and spread onto a valley floor) and valley glaciers extending 50 to 80 km out from their origins in 
the high Alps.   
For the Wanaka catchment, signs of past glaciation are evidenced from raised beaches along Lake 
Wanaka, terracing, moraines and some impressive roche moutonnée such as Mount Iron situated 
northeast of the Wanaka town site.  The compiled geographic and geomorphological information in 
the IGNS publication entitled Geology of the Wakatipu Area (Turnbull, 2000) describes the 
combined glacial system of the Wanaka and Hawea glaciers.  These glaciers extended down the 
palaeo-Clutha catchment, receiving ice from the east and west confluences of the Matukituki River, 
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as well as the Hunter and Makarora valleys.  The furthest extent is mapped as being near to the 
town site of Cromwell in the Cardrona valley.   
Much of the initial work on the Wanaka catchment was done by McKeller (1960, 1973) who 
mapped the upper Clutha river catchment east of Wanaka, describing several deposits as being 
glacigenic.  Two distinct sets of moraines were identified, and labelled Hawea and Mount Iron.  The 
Hawea deposit, considered to be the youngest moraine by virtue of its emplacement furthest up 
catchment, was radiocarbon-dated from a peat sample nested in outwash gravel.  The resulting age 
of 15.1 +/- 0.2 cal. ka correlates well with Marine Isotope Stage (MIS) 2 (a glacial period).  The 
relatively older Mount Iron moraine was interpreted as an MIS 4 advance.  McSaveney et al (1992) 
synthesized a glacial chronology for Otago, which also classifies the Mount Iron moraine as an 
older glacial moraine associated with Marine Isotope Stage 4.  Thomson (1996, 1997, unpublished 
work in 2000) has thoroughly mapped this area, producing heuristic zonation of the glacial stages 
based almost exclusively on outwash terraces, moraines, and landslide morphology.  The 
chronology of these deposits is further solidified with speleothem deposits in the Aurora cave.  
Williams (1996) identifies several distinct zones of deposition relating to four glacials and three 
interglacials.  The uranium-thorium series radiogenic dates produced match well with the MIS δ 18O 
established chronology.  This dating evidence matches well with McKeller’s interpretation of the 
Hawea deposits, and gives a reliable date for the Mount Iron advance, being 40 to 41 kyr BP.    
Geology of the Wanaka Catchment 
The Wanaka catchment has evolved through incision into rocks comprising the Torlesse terrane, 
also in part known as the Otago Schist.  Terranes are fragments of the earth’s crust (usually 
continental crust), formed by breaking away (known as rifting) from a larger crustal mass (ie 
continental plate) and attaching (suturing or accreting) to another crustal mass.  These fragments are 
defined by a specific geological and tectonic history that differentiates them from surrounding units 
of similar geological scale (ie. other terranes).  The Torlesse terrane is composed mainly of 
sedimentary rocks that were deposited in a deep marine environment (MacKinnon, 1983), which 
produces fine-grained sediments defined as greywackes (composed of quartz, feldspar, rock 
fragments and at least 15% finer grained matrix supporting the larger grains), mudstones (composed 
entirely of silt to clay-sized particles, with a mineralogy related to the parent rock the particles 
evolved from), minor amounts of conglomerate (sedimentary rock composed of clasts larger than 20 
mm in diameter), volcanics (extrusive and sub-aerial igneous rock) and limestone.  Through burial, 
exposure to high pressures and temperatures, re-excavation and uplift, these sediments have 
undergone changes in texture and mineralogy.  These changes are collectively referred to as 
metamorphism, which can be mapped according to intensity and style across the Torlesse terrane.   
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Around the Wanaka catchment, there are three main metamorphic facies (see Figure 2), being 
chlorite and biotite grades of the Greenschist metamorphic facies, and Amphibolite facies 
metamorphism.  Greenschist facies rocks are considered to be within the relative medium 
temperature and pressure range, named for the schistose texture (alignment of constituent minerals 
along a given direction, namely micas), and the constituent minerals that lend a green colour 
(mainly epidote and chlorite).  The grades are a relative measure of metamorphic intensity within 
the facies.  Chlorite grade generally indicates the in situ growth of chlorite clays within the rock, 
while biotite graded Greenschist rocks record the replacement of chlorite with biotite mica.  The 
Amphibolite grade of metamorphism is characterized by the in situ growth of a suite of minerals 
known as amphiboles (generally dark coloured minerals with crystal faces that hold a 120° angle 
between them), such as hornblende or actinolite.  Meta-sediments will typically hold other 
authigenic minerals as well that form under Amphibolite facies type conditions of temperature and 
pressure (Winter, 2009). 
The presence and abundance of these minerals is largely controlled by the mineralogy of the 
protolith, or primary rock type before the onset of metamorphism.  The fined-grained sedimentary 
protolith, when exposed to greenschist facies metamorphism, will display a mineral assemblage 
which includes varying abundances of muscovite and biotite mica, chlorite, albite feldspar, quartz 
and garnet.  The altered, coarser-grained greywackes will tend to have epidote and not garnet.  
Amphibolite facies metamorphism of the same rocks generally would produce varying amounts of 
the aforementioned minerals, but could also include staurolite, kyanite and sillimanite (Winter, 
2009).    
Imprinted on top of these metamorphic zones is a range of textural differences (see Figure 2), 
graded as I, II, III, or IV, describing the development of schistocity in the rocks.  These textures 
(with Zone IV exhibiting the highest degree of alteration) describe a general loss of protolithic 
sedimentary characteristics, namely the blurring of individual grain boundaries, cleavage 
development relating to increased concentrations of muscovite and biotite micas, destruction of 
bedding planes, and an overall reduction in constituent grain size (Turnbull, 2000; see Textural 
Zones p. 32).  Zone II identifies the semi-schist rock type, being a rock possessing both relict 
sedimentary features (i.e. bedding) and overprinted metamorphic features (i.e. foliation and 
schistose partings).  Sedimentary-dominated semi-schists are recognised in Zone II-A and 
metamorphic-dominated semi-schists are recognised in Zone II-B.  The Wanaka catchment is seated 
within Zone III to the east, and Zone IV along the southern and western margins of the lake, 
including the Matukituki river drainage.  The Zone IV texture that encompasses the Matutituki 
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drainage system is subdivided into mm-scale (Zone IV-A) and sub-mm scale (Zone IV-B) 
schistocity.  
The clasts generated from these complexly altered rocks can be identified according to these 
characteristics, where most of these characters can be identified in hand sample (macroscopic 
scale).   
METHODOLOGY 
Dating Methodology 
Attempting to correlate the timing of glacial records between Northern and Southern Hemispheres 
involves identifying suitable sites, such as terminal moraines, that can be dated using a number of 
geochemical, radiogenic (surface exposure dating) and other rate-related methods 
(dendrochronology, lichenometry, and weathering rinds for Neoglacial and younger deposits).  For 
New Zealand glaciers, younger advances over older glacial deposits, and to a lesser degree high 
sediment throughput for catchments, results in a low probability of older cycles being preserved.  
Attention has become focused on the cycles that have left landforms preserved, namely the most 
recent (Otiran) glaciation and in particular the period since the last glacial maximum (LGM).   
Traditionally glacial deposits have been difficult to date because of the absence of organic material. 
Significant advances in dating the timing of ice advances using terminal moraines are accomplished 
through the use of surface exposure dating (SED).  SED is based on the production of cosmogenic 
isotopes in exposed rocks through bombardment by high-energy particles from deep space. 
Accumulation of cosmogenic isotopes starts when a rock is exposed at the surface.  In glacial 
settings, rocks are eroded from the upper parts of the glacial catchment and transported to terminal 
moraines fairly rapidly (years to decades).  If rocks are carried on the glacier the build-up of 
cosmogenic isotopes starts immediately, but when we are dealing with moraines that are thousands 
of years old, this error is minor and the age is taken as the time of formation of the terminal 
moraine. To date, the cosmogenic isotopes beryllium (
10
Be), aluminum (
26
Al) and chlorine (
37
Cl) 
have been most widely used for SED work. These isotopes are derived from the spallation of 
oxygen, silicon, and calcium, respectively (Gosse and Phillips, 2001).    
For glacial sediments, optical dating has begun to be widely applied (e.g. Shulmeister et al., 2010a). 
Optical dating works on the basis that all sediments are slowly being irradiated by small amounts of 
naturally occurring radioactive material in the sediments themselves, including K-40 in feldspars 
and low levels of U and Th in finer grained sediments. The breakdown of the radioactive material 
emits alpha, beta, and gamma particles that excite the crystal structure of adjoining crystals, 
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especially quartz and feldspars.  This process causes the excess energy given off in radioactive 
decay to be stored in the crystal lattice of the surrounding sediments. This excess energy builds up 
over time as the sediment is irradiated and can be released either by exposing the sediment to light 
(optical dating or OSL) or heat (thermoluminescence dating or TL).  The energy is released as 
photons of light. If we know how much radioactive material is available to irradiate the sediment, 
we can calculate an annual rate of irradiation and divide this into the total amount of light emitted to 
provide an age.  When attempting to date a particular sediment package using either approach, the 
main qualifier for dating to be possible is the 'zeroing' of the latent energy of decay locked within 
the crystal lattice of sediments.   
This zeroing can be accomplished through sunlight or by heating (Godfrey-Smith et al., 1988).  For 
glacial depositional environments, the selection of sampling sites becomes dependent upon those 
sediments having encountered sufficient solar irradiation during transport and deposition.  
Shulmeister et al (2010a) used infrared stimulated luminescence dating (or IRSL) in the Rakaia 
valley in Canterbury, South Island, New Zealand, sampling current sorted sediments of 
glaciofluvial and glaciolacustrine origin. It was noted that the silt fractions in clay-rich ice proximal 
deposits were of questionable veracity, due to the likelihood that the sediments were insufficiently 
zeroed before deposition as more distally suspended silt fractions in a glacial lake would be more 
likely to interact with incident sunlight.  In the Hope Valley of central South Island, Rother et al. 
(2010) sampled well-sorted, laminated and cross-stratified fluvial-lacustrine sedimentary sequences 
for IRSL.  In both cases, sediments were exposed to light during transport before burial.  The 
overburden provides overwhelming shielding effects.   For the Lake Wanaka sections, suitable sites 
for luminescence dating were based on maturity of sediments (quartz–rich) and juxtaposition of 
sediments to breaks in stratigraphy.  IRSL is less well regarded in the wider luminescence 
community than OSL on quartz sand, and the sediments at Wanaka contain much quartz sand.  The 
reason for application of IRSL in New Zealand has been problems of poor luminescence signal 
from New Zealand quartz (Preusser; 2006).  However, pilot work accomplished by Rittenour 
(unpub. data) indicates that a measurable signal can be obtained.   
The investigation of stratigraphy and sedimentology of a possible “long” record along Lake 
Wanaka could possibly have a ‘best fit’ with one of these models, or equally likely demonstrate 
glacial events that support more than one model.   With the first and second models representing a 
cold and dry glacial style, and the third model being more wet (higher precipitation), the 
sedimentology should preserve either signal as a particular depositional style (ex. terminal moraines 
versus calving termini).  The best-case scenario will see the generation of reliable ages attached to 
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glacial advance/retreat events that can be compared to records from places like Rakaia and others, 
expanding the work here around Lake Wanaka to a wider New Zealand context.     
OSL Dating in the Wanaka Catchment 
The sites were dated using OSL on quartz grains.  Employing this methodology to greatest effect in 
New Zealand is dependent upon the mechanism of glacigenic sediment transport (Lukas et al., 
2007).  The main issue is to ensure that sediments are selected that have been bleached before 
burial.  This normally involves selecting finer over coarser grain sizes (Fuchs and Owen, 2008) 
relating to longer residence times in the water column and exposure to sunlight and means that 
IRSL has been more widely used than OSL in New Zealand glacial studies (Rother et al., 2010; 
Shulmeister et al., 2010a; Hyatt et al., 2012).  Another problem is that the overall luminescence of 
New Zealand quartz, particularly in the Westland, is low, which Preusser et al. (2006) suggests is a 
result of sedimentological immaturity (i.e., low rate of repeated irradiation and weak autochthonous 
recycling, excavation, transport, attrition, and burial) and the relative number of traps within quartz 
grains (lattice voids and impurities).  In short, New Zealand quartz is geologically young and often 
problematic for luminescence dating. 
The collection of OSL samples was accomplished by Dr. Tammy Rittenour, employing a sampling 
strategy that favours deposits which are relatively more likely to have a higher degree of recycling 
and opportunities for complete bleaching.  Ideally, sampling horizons were selected for well sorted 
and horizontally bedded sand bodies (lenses), with relatively energetic current features in deposits 
related to deltas, lakes and outwash heads which are distally positioned from ice (Rittenour, 2008; 
Fuchs and Owen, 2008). This strict sampling protocol assists with avoid contamination from 
partially bleached sediment.  Where possible, samples were taken from stratigraphic horizons that 
were free of glaciotectonic disturbance.   
Samples were collected by pounding electrical conduit tubing (being light-proof, 1.5-3 inches in 
diameter and 8 inches in length) into the target area.  A Styrofoam plug is manufactured and tamped 
into the end interfacing with the outcrop, which prevents sediment mixing and keeps the sediment 
firmly packed in the sampling tube.  After sampling, the ends are capped and firmly taped shut.  
The dosimetry is calculated from sediment samples taken within 30 cm of the target area, including 
behind the target area in the outcrop face (consideration being a sphere with a 60 cm diameter 
nucleated on target area).  A separate water saturation sample was taken using an empty film 
canister, firmly taped shut, and measured in the Utah State University Luminescence Laboratory.  
There were no gamma spectrometric analyses undertaken in the field.   
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Sample preparation involved treating the sample with weak hydrochloric acid and sodium 
hypochlorite for digestion and removal of carbonate and organics (respectively).  The sediment was 
gravimetrically separated using a polytungstate liquid (2.7 g/mL density), and the resulting 
separated quartz grains were treated with concentrated hydrofluoric acid to remove matrix feldspars 
and etch the quartz grains.  The quality of the quartz grain separated fraction was measured by 
noting the grain response to infra red stimulation.  Small grain aliquots comprising 50 to 100 grains 
were collected from the final bulk quartz grain separate and analysed using the Single-Aliquot 
Regenerative Dose technique (Murray and Wintle, 2000).  Luminescence measurements were taken 
on the Risø OSL/TL DA-20 instrument, utilizing a blue-green stimulation (470 nm at 36 W/m
2
) and 
a 7.5 mm U-340 filter to measured UV wavelengths emitted from the quartz sample.  The 
stimulation profile involved 240°C preheats for 10 seconds for regenerative and natural doses, 
followed by stimulation at 125°C.  The OSL ages were generated from aliquots that passed three 
main criteria:  
1) IRSL signal to background signal ratio of greater than 2, being related to feldspar 
contamination 
2) Differences of greater than 15% between repeat points 
3) More than 5% signal recovery during zero-dose tests 
 
When determining the equivalent dose values (DE), the central age model (CAM) or minimum age 
model (MIM) were employed. 
The water saturation samples were processed by first homogenizing the collected sample, isolating 
a representative fraction and analysing the fraction for radiogenic isotopic concentrations using 
ICP-MS and ICP-AES spectrometry. 
In all, eight samples for OSL dating were taken (five from Beacon Point, two from Glendhu Bay 
and one from Kirimoko Crescent) as summarized in Table 1.  The sediments are very fine grained 
sand, and deposited in an interpreted ice-distal position (ie. deltaic, lacustrine, fluvial).  
The Beacon Point ages labelled USU 909 and USU 908 are from Gully, 2, taken from laminated 
planar-bedded bottom sets at 6.8 metres, and tabular cross-bedded foresets at 16.8 metres 
(respectively).  Sampling points labelled USU {912, 913, 914} are from Gully 1, taken from 
disturbed silty very fine sands at 16.1 metres, at a sandy interbed directly above a thick lacustrine 
package at 35.8 metres, and from sands directly below the uppermost diamict at 41.7 metres.  The 
Gully 2 ages are calculated to be 60.6 ± 8.6 ka in the bottom sets and 41.9 ± 7.6 ka in the foresets, 
which are the oldest ages across the Beacon Point outcrop, are stratigraphically basal to upsection 
dated units, and considered to have high stratigraphic integrity.  The ages acquired in Gully 1 are 
16.6 ± 4.1 ka in the disturbed silts, 32.1 ± 5.7 ka in the sandy interbed, and 11.0 ± 2.7 ka in the 
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sands basal to the upper diamict.  The lowest age is not sound in a chronostratigraphic sense, 
creating an age reversal of roughly 20 ka.  The uppermost dated interval is also considered to be 
anomalously young.  This conclusion is based on the general assumption that deglaciation in most 
of the low reaching areas is apparent by 14 ka, with complete deglaciation having occurred well 
before c.11 ka.  Under these conclusions, only the 32.1 ± 5.7 ka age is used for Gully 2.  These 
inconsistencies, considered to be anomalously young age,  
The ages recorded at Glendhu Bay labelled USU 1094 and USU 1093 are taken from delta foresets 
at Site 1 and from a coarser gravel unit of the deformed sand bed at Site 2.  Both of these samples 
TABLE 1: Summary of Luminescence Ages 
Site, 
USU-# 
Sample # Deposit Aliquots1 Equivalent dose2 
(Gy) ± 2σ 
Dose Rate3 
(Gy/ka) 
OSL Age (ka) 
± 2σ 
Beacon Point 
USU-908 NZ-050111-1 Top of lower sands exposed 
along beach, cross-bedded 
23 (49) 35.2 ± 5.3 0.84 ± 0.05 41.9 ± 7.6 
USU-909 NZ-050111-2 base of lower sands along 
beach, laminated 
23 (81) 49.9 ± 4.7 0.82 ± 0.05 60.6 ± 8.6 
       
USU-914 NZ-070111-7 sands under upper diamict in 
gully 
24 (45) 25.4 ± 5.7 2.32 ± 0.11 11.0 ± 2.7 4 
USU-913 NZ-070111-6 Sand in gravels above 
deformed sands in gully 
27 (60) 31.8 ± 4.7 0.99 ± 0.05 32.1 ± 5.7 
USU-912 NZ-070111-5 Deformed lower sands in gully 32 (72) 29.8 ± 6.6 1.79 ± 0.12 16.6 ± 4.1 4 
       
Kiri Moko 
USU-911 NZ-060111-4 Deformed sands in ridge 24 (57) 24.4 ± 2.4 2.06 ± 0.10 11.7 ± 1.6 4 
       
Glendhu Bay 
USU-1093 NZ-191211-24 Deformed gravel 20 (34) 34.3 ± 5.3 1.24 ± 0.06 27.7 ± 4.7 
       
USU-1094 NZ-191211-25 Delta foresets 23 (34) 29.0 ± 4.4 1.00 ± 0.05 29.0 ± 4.8 
       
1 Number of aliquots used for age calculation and total number of aliquots analyzed in parentheses. Rejection criteria include evidence 
for feldspar contamination (IRSL signal greater than 2x background), corrected signal response greater than 15% between repeat 
points and greater than 5% signal recuperation on the zero-dose steps. 
2 Equivalent dose (DE) determined using the single aliquot regenerative dose (SAR) method (Murray and Wintle, 2000) on quartz sand. 
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DE values calculated using the central age model (CAM, Galbraith and Roberts, 2012). 
3 See Table 2 for details on dose-rate calculation. 
4 OSL age not reliable due to quartz luminescence properties. 
 
have good luminescence characteristics, but as will be discussed later, they are internally 
inconsistent.   
Rittenour (pers. comm., 2015) suggests that the unexpectedly young ages (unbolded OSL ages 
noted in the last column of Table 1) were caused by unstable components inherent in the quartz 
grains (weak fast component of the luminescence signal discussed by Steffen et al., 2009) that left 
the sediments deficient for successful OSL dating.  Further refinement of the chronology requires 
IRSL dating of the unsatisfactory samples for these intervals. 
In summary, samples with dates that were apparently out of stratigraphic order were seen as being 
too young for the stratigraphic interval they occurred, bound up-section and down-section by older 
OSL dates.  Further, the interpreted artificially young date recorded at Kirimoko Crescent was 
categorized as such due to the sample being found in sediments recording an advance, but with an 
OSL age which relates more closely to a period of deglaciation.  Finally, the sample collection, 
processing and date calculation was accomplished in its entirety by Dr. Tammy Rittenour.  By this 
admission I can not personally speak to sample characteristics noted by Dr. Rittenour. 
Field Methodology 
In attempting to determine the style of deglaciation in the South Island of New Zealand (Southern 
Hemisphere ‘Cold’ vs. Southern Hemisphere ‘Wet’), suitable sites that hold ‘long’ sequences were 
the ideal candidates for logging.  From previous investigations around the Lake Wanaka area, 
several sites were identified by James Shulmeister as being excellent exposures.   
All four sites were examined according to methodologies described by Evans and Benn (2004).  
Fieldwork for this thesis was spread out over two field seasons, comprising 5 weeks between 2010 
and 2011. 
Study areas were identified using 1:50 000 contour maps (NZTopo50-CA12, CA13, CB12, CB13), 
as well as reconnaissance around the Lake Wanaka margin.  Specifically, tight contour lines were 
related to cliff faces having sufficient angle of repose to be (ideally) clear of colluvium/vegetation 
and be easily accessible.  The sections were drawn sensu lato, and extensively photographed.  
Where exposures were too hazardous to traverse for higher order sedimentological interpretation, 
panoramic photographs were taken and correlated using Adobe CS5 Photoshop software.  These 
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montages were then demarcated into lithofacies and constituent lithofacies associations, based upon 
what observations could be made at the face and employing ‘zoom’ photography.  
A compass with spirit bubble level was used to take accurate trend and plunge measurements for 
imbrication determination.  A hand trowel and trenching shovel were used for excavating through 
obscured sections, with repeated use of the hand trowel for cleaning exposure faces for 
photographic recording and measuring fine details within the face.  Photographic evidence was 
generated using an 8 megapixel camera, utilizing the highest resolution settings for recording fine 
details within the exposed face (i.e., mud draping and laminations) to be examined out of the field 
under electronic magnification (i.e., Photoshop).  Exposures were measured for vertical extent using 
levelled compass sightings and the author’s height to eye-level, in combination with a stand-alone 
altimeter and handheld GPS altimeter.  Lateral exposure extents were measured using a 3 metre 
scale bar, a 40 metre tape measure and panoramic photographic montages at a constant distance 
from the exposure face to minimize scaling error.  Grain-size and shape was recorded using a ruler 
with millimetre divisions, hand lens and grain-size chart.  Lithology was determined from 
professional experience, in combination with metamorphic and igneous ternary diagrams generated 
by the International Union of Geological Sciences (IUGS), as well as consultation with my 
supervisor and geological maps.  Notations made on photographs are transcribed from field note 
observations, with best-fit notations made where field and photographic evidence could not provide 
sufficient resolution (i.e., tracing bedding through colluvial cover).  Site investigations involved 
initial large scale observations with rough field book sketches noting major changes in grain-size 
and bedding architecture.  Consecutive visits involved empirical measurements of primary and 
secondary observations as noted below. 
 Primary observations of clast size (Krumbein and Sloss, 1963), sphericity (A:B:C axes), roundness, 
faceting and/or striations, and lithology were noted.  Secondary observations of intergranular 
relationships (imbrication and fabric), degree of sorting, trend and dip direction of orientated clasts, 
scale and style of bedding, presence/absence of current features, mineralized overprint 
(ferruginization/carbonation unique to the unit) and structural relationships (bed conformity, 
deformation episodes) were recorded.   
These observations are used to form lithofacies, being synoptic patterns of sedimentation style.  
Lithofacies are devoid of interpretation, relaying only quantitative and qualitative measurements 
that interpolate a particular unit without extrapolating to a provenance.  The interpretive step is 
grouping these lithofacies into lithofacies associations.  This highest order grouping is associated 
with a provenance and depositional environment. Lithofacies (LF1, LF2, etc.) are numbered as they 
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are described, and lithofacies associations (LFA 1, LFA 2, etc.) encompass several lithofacies that 
are genetically related. 
SEDIMENTOLOGICAL RESULTS FOR BEACON POINT SITE 
Beacon Point Study Area 
The Beacon Point sites (NZTopo50-Minaret Bay: CA12 935475) are located on the SE shore of 
Lake Wanaka, approximately two km NW of the Lake Wanaka / Clutha River confluence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6: Google map view of Beacon Point field area referencing 1:50 000 geological map sheet. 
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Table 2.  Lithofacies associations and Interpretation for Gully 1 from the Beacon Point Site  
LFA 1 – 
Braided Stream 
Facies  
Stratified sands 
and gravels  
(LF 1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, 
sub-rounded to rounded quartz clasts and sub-angular to sub-
rounded schistose clasts.  Medium gravels with minor cobble 
sized clasts and rare boulders.  Mostly clast supported with 
intergranular rounded to well rounded, silty VFU-FU 
dominantly quartz.  Moderate to strong imbrication.  Sand 
interbeds are planar bedded, slightly micaceous and fine to 
medium grains at the bottom of the exposure.   
Stratified Gravels 
(LF 1-2) 
Moderately well sorted, clast supported, pebble to cobble 
gravels with rare boulders.  Gravels are imbricated.  Beds are 
dm scale in thickness and laterally extensive.  Locally display 
reverse grading.  Main outcrop is rounded to sub-rounded but 
coarser units are frequently more angular. 
LFA 2: Mass 
Flow  Facies  
Highly Contorted 
Silty Diamicton 
with pods and 
interbeds of sands 
and gravels  
(LF 2-1) 
A silty diamicton with about 10% well rounded granule to 
pebble quartz/minor schist clasts.  Interbeds of planar 
laminated very fine sandy silts and sparse cm to dm-scale silty 
fine sands.  Pods of poorly sorted, well rounded clast supported 
coarse pebble to cobble, quartz and schist lithology with a MU 
sand interbeds.  Rare angular to subangular schist cobbles.  
Heavily contorted, dominantly ductile deformation (metre-
scale) with finer cm-dm scale brittle deformation.  Both normal 
and reverse motion common. 
Massive silts with 
dispersed locally 
orientated clasts  
(LF 2-2) 
Metre to tens of metres thickness of massive silt, 10-30% clast 
proportions, weakly aligned clasts of subrounded to subangular 
cobble/small boulder  Clast lithology is quartzose to schistose, 
with rare greywacke cobbles and boulders.  Cliff-forming with 
blocky vertical fracture.  Entrained sand grains become more 
angular with coarsening. 
LFA 3 –
Lacustrine 
Facies 
 
Rhythmically 
Bedded Silts  
(LF 3-1) 
Planar laminated sandy silts, dominantly mm-scale with cm-
scale pulses, rhythmically bedded with a two part clinoform of 
thicker massive silt with a mm-scale capping lamination.  
Display brief cm-scale coarsening episodes of very fine to fine 
sand with rare well rounded pebble to fine gravel clasts.  The 
beds are near vertical, unconformably appearing from the 
upper colluvial cover and disappearing into the underfoot 
colluvium 
LFA 4 – 
Primary Glacial 
Facies  
Clast Supported 
Angular Boulders 
(LF 4-1) 
Poorly sorted, clast supported, angular schist and quite minor 
meta-greywacke boulders (>1.5 m) and rounded quartzose 
boulders (>1.0 m).  Matrix is silts to granular angular quartz 
sand)  
Interpretation LFA 1 are outwash river gravels, deposited in front of an 
advancing glacier. LFA 2 are sequences of sub-aqueous debris 
flows from an ice-contact margin.  LFA 3 is a 
syndepositionally deformed proglacial lake.  LFA 7 is several 
manifestations of covered and/or obscured exposure.  LFA 4 is 
a meltout till, composed of angular to rounded boulders of 
englacial and possibly supraglacial origin.        
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FIGURE 7: Beacon Point Site: Gully 1.  Structural Cross-Section.  Suspended from lake level 
(bottom of litholog). 
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FIGURE 8: Beacon Point Site: Gully 1.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
F9 
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FIGURE 9: LFA 2 Stratified gravels from Gully 1 (LF 1-2).  Excavator handle is 0.9 m in length. 
 
 
FIGURE 10: LFA 2 Stratified sands and gravels from Gully 1 (LF 2-1).  Note ductile deformation 
of beds, and artificial concentration of gravels outlined in yellow.  Visible excavator is 0.4 m in 
length. 
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FIGURE 11: Synthetic deformation of LFA 2 (right-hand side of black line and upper left pod) and 
LFA 3.  The red lines in the upper left demark the sense of movement caused by shear stress.  The 
black lines delineate the boundary between gravel-rich and gravel-poor sediments and illustrate 
intensity of deformation. 
  
FIGURE 12: Intense ductile deformation.  Red line marks the boundary between the underlying 
sediments of LFA 2 mass flow deposit (LF 2-1) and overburden.  Black lines denote failure planes, 
and illustrate intensity of deformation. 
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FIGURE 13: Deflection/collapse from extensional deformation of LFA 3 rhythmically bedded silts 
(LF 3-1) around intact megablock.  Yellow line separates overburden from LFA 3 sediments.  Black 
lines outline megablock with relatively horizontally bedded sediments (A) abutting against vertical 
sediments (B).  Red arrows denote trend of steeply dipping LFA 3 silts.  
 
 
FIGURE 14: Stratified gravels (LF 1-2) on top of LFA 3 rhythmically bedded silts (LF 3-1).  
Right-hand photo shows LF1-2 in detail.  Visible excavator is ~0.3 metres in length. 
A B 
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FIGURE 15: LF 2-2 mass flow deposit/diamicton related to second major advance in Gully 2.  
Note dispersed clasts in massive unsorted sediment.  Excavator visible in bottom right corner is 
~0.4 m in length. 
 
 
FIGURE 16: LFA 4 clast supported angular boulders (LF-4-1) capping LFA 2 diamicton.  Boulder 
in centre of photo is angular meta-greywacke.  Excavator is 0.9 m long. 
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Access is from the parking lot at the end of Penrith Park Road, followed by an 800 metre walk to 
the largest exposure (Gully 2).  Exposures manifest on the shores of the lake as colluvium covered 
sands at lake level and indurated cliff-forming gravels and diamicts.  The main focus of this 
investigation took place along three defiles that displayed the most uninterrupted stratigraphic 
sequence.  Roughly 50 metres NW from Gully 2 along the shore is access to Gully 1.  A further 150 
metres from Gully 1 to the NW is the access for Gully 3.  The sequences range between 40-55 
metres in height, and covers approximately 200 metres laterally along the lake of exposure, broken 
by colluvium, scrub brush and sparse trees.  
BEACON POINT - GULLY 1  
OVERVIEW 
The first gully examined sits between Gully 2 to the SE and Gully 3 to the NW.  It involves six 
lithofacies (stratified sands and gravels, stratified gravels, highly contorted silty diamicton with 
pods and interbeds of sands and gravels, massive silts with dispersed locally orientated clasts, 
rhythmically bedded silts, clast supported angular boulders, colluvial cover) from four lithofacies 
associations (braided stream facies, mass flow facies, lacustrine facies, primary glacial facies).  
LFA 1 and LFA 2 are repeated several times, with a single LFA 3 (rhythmically bedded silts).  In 
general, lithofacies are characterized by their repetitive bedding, grain size, fabric and matrix 
composition.  The clast lithology is dominantly quartz-veined, metamorphosed (greenschist 
metamorphic facies) quartzofeldspathic siltstones, sandstones and greywackes with a weak to 
moderate schistosity.  Fragments are more rounded from quartz-rich clasts and more angular/platy 
from more schistose lithologies. A summary of the stratigraphy is displayed in Figures 7 and 8.   
STRUCTURAL ELEMENTS OF GULLY 1 
The entrance to Gully 1 is located 50 metres NW along the shore from Gully 2.  The basal nine 
metres is composed of stratified sands and gravels of general LFA 1.  At this location, they display 
significant post-depositional brittle deformation, with offsets of 20-30 cm.  In the finer sediments, 
deformation is locally ductile.  The stratified sands and gravels are capped by 6.5m of LF 2.  This 
unit becomes more deformed up face.  The sense of motion is reverse and compressional.  At 16 m, 
there is a transition to lake beds of LF 3-1. This is identified more by the loss of clasts, than by a 
major change in sediment.  The lake beds dip at 240/47°.  There is a channel cut at ~18 metres that 
has an apparent dip of zero.  The top of the unit occurs at 32 metres, and there is a section of 
obscured face to 34 metres.  From 34 metres to 41 metres is stratified gravel of LF 1-1.  These 
gravels coarsen upwards and are texturally less mature at the top of the unit.  This is overlain by 
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about a metre of diamicton of LF 2-2.  The top three metres of the face, from 42-45 metres 
comprise coarse angular boulder gravel of LF 4-1.  Thickness of this top unit is variable laterally.  
INTERPRETATION OF GULLY 1 
The sediments from Gully 1 of the Beacon Point site are considered to have been generated by a 
series of three advances (two extensive and one shorter).  The first extensive advance produced LF 
1-1 which was deposited on a braid plain, interpreted as outwash gravels (Figures 9 and 10).   
Ice continued to advance, where it began to deposit LF 2-2 as subaqueous mass flows.  Over time, 
the accommodation space increases, and this area becomes flooded.  Sediments continue to be 
deposited, but are now coming in as sub-aqueous flows.  By 15 metres up-face, the beds are 
becoming severely deformed, as this indicates ice advance over the site (Figures 11 and 12).   
The ice margin then retreated, and lake sediments of LF 3-1 were deposited into a basin.  The 
readvance saw a grounded ice margin with synchronous deposition of lacustrine silts.  It is posited 
that ice was buried during the subsequent retreat.  Because these lake sediments are tilted to 47°, 
and gradually become flat lying up face, a mechanism is required to explain this.  The simplest 
explanation is that buried ice melted out, destabilizing the overlying sediments, causing slumping 
into the accommodation spaced created by melted ice.  This middle advance is considered to be 
relatively shorter than the other two.  Figure 12 displays the extent of the deformation across the 
face.  
It is inferred that the Wanaka basin was largely filled by these lake sediments at this position, with 
the deposition of braided-stream gravels of LF 1-1 and subsequent LF 1-2 on top of the lake section.  
These gravels display characteristic aggradation form, showing inverse grading, declining sediment 
maturity and dm-scale bedding (Figure 14).  These types of gravels are widely recorded (e.g. Rother 
et al 2010, Shulmeister et al, 2010).  The diamicton of LF 2-2 at 42 metres does not contain 
diagnostic ice-contact features, but its position between an aggradation gravel and melt-out till 
indicates that it is paraglacial (Ballantyne, 2002) but unlikely ice contact facies (Figure 15).  A 
glacier certainly passed through this site at about this elevation.  The capping angular boulders of 
LF 4-1 are consistent with supraglacial and englacial melt-out (Figure 16).  The presence of large 
boulders indicates transport in a non-comminuting environment, and the maturity difference 
between greywacke and quartz boulders indicates variable transport paths and times.  In summary, 
three clear advances are recorded in the face.  All three advance/retreat cycles were in a lacustrine 
environment.  
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Table 3.  Lithofacies associations and Interpretation for Gully 2 from the Beacon Point Site  
LFA 1 – Braided 
Stream Facies  
 
LF 1-1 
(Stratified Sands and 
Gravels) 
 
LF 1-2 
(Stratified Gravels) 
Stratified sands and 
gravels  
(1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, sub-rounded 
to rounded quartz clasts and sub-angular to sub-rounded schistose clasts.  
Medium gravels with minor cobble sized clasts and rare boulders.  Mostly 
clast supported with intergranular rounded to well rounded, silty VFU-FU 
dominantly quartz.  Moderate to strong imbrication.  Sand interbeds are 
planar bedded, slightly micaceous and dominantly fine to medium grains at 
the bottom of the exposure.  Can coarsen up to VCL with VF quartz sand 
matrix.   
Stratified Gravels  
(1-2) 
Moderately well sorted, clast supported, pebble to cobble gravels with rare 
boulders.  Gravels are imbricated.  Beds are dm scale in thickness and 
laterally extensive.  Locally displays reverse grading.  Main outcrop is 
rounded to sub-rounded but coarser units are frequently more angular. 
LFA 2: Mass Flow  
Facies  
 
LF 2-1 
(Sheared Sub-glacial 
Mass Flow Deposit) 
 
LF 2-2 
(Undeformed Sub-
glacial Mass Flow 
Deposit) 
Highly Contorted 
Silty Diamicton with 
pods and interbeds 
of sands and gravels 
(2-1) 
A silty diamicton with about 10% well rounded granule to pebble 
quartz/minor schist clasts.  Interbeds of planar laminated very fine sandy 
silts and sparse cm to dm-scale silty fine sands.  Pods of poorly sorted, well 
rounded clast supported coarse pebble to cobble, quartz and schist lithology 
with a MU sand interbeds.  Rare angular to subangular schist cobbles.  
Heavily contorted, dominantly ductile deformation (metre-scale) with finer 
cm-dm scale brittle deformation.  Both normal /and reverse motion 
common.  Localized low-angle parallel shear planes with artificially 
concentrated clasts. 
Massive Silty 
Diamicton with 
Scattered Gravel to 
Cobble ( 2-2) 
Metre to 10’s metres thickness of massive silt, 10-30% clast proportions, 
weakly aligned clasts of subrounded to subangular cobble/small boulder  
Clast lithology is quartzose to schistose, with rare greywacke cobbles and 
boulders.  Cliff-forming with blocky vertical fracture.  Entrained sand 
grains become more angular with coarsening. 
LFA 3 –Lacustrine 
Facies 
 
LF 3-1 
(Rhythmite 
coupling) 
 
  
Rhythmically 
Bedded Silts (3-1) 
Planar laminated sandy silts, dominantly mm-scale with cm-scale pulses, 
rhythmically bedded with a two part clinoform of thicker massive silt with a 
mm-scale capping lamination.  Display brief cm-scale coarsening episodes 
of very fine to fine sand with rare well rounded pebble to fine gravel clasts.  
The beds are convolute and/or near vertical, unconformably appearing from 
the upper colluvial cover and disappearing into the underfoot colluvium 
LFA 5: Delta Facies 
 
LF 5-1 
(Bottom Sets) 
 
LF 5-2 
(Fore Set) 
 
 
LF 5-3 
(Top Sets) 
 
 
Planar Fine Sand 
with Silty Sand 
Interbeds (5-1) 
Broadly cm-scale VFU-FL sand, having sparsely micaceous intervals and 
rarer instances of deformation related to dewatering.  Sparse planar bedded, 
mm-cm scale, VFL, very well sorted, mostly sub-rounded to rounded, 
dominantly quartz sands with abundant detrital muscovite mica.  Can 
display plastic deformation related to dewatering.   
Tabular Cross 
Bedded Sands with 
minor silt and pebble 
Interbeds  
(5-2) 
 
Tabular cross bedded, mm to cm-scale, sorted to well sorted, mostly 
subrounded, dominantly quartz with minor schist lithology, VFU to FU 
sand with entrained granule to pebble fraction.  Sandy silt interbeds carry 
very fine sands with abundant detrital muscovite mica, with dm-scale units 
commonly display plastic deformation structures related to dewatering and 
loading.  Granule/pebble interbeds are composed of imbricated subrounded 
to rounded quartz granule to pebble and minor platy schist, varying between 
matrix and clast supported, and typically capped with coarser clasts of 
gravel to rare cobbles of quartzose and schistose lithology.   
 
Tabular Cross 
Bedded Granule to 
Pebble/Gravel  
(5-3) 
Tabular cross bedded, cm-dm scale, sorted to well sorted, mostly 
subrounded quartzose to subangular schistose lithology, granule to pebble 
with subordinate gravel fraction and minor quartz coarse sand intergranular 
fraction. 
LFA 6: Beach Facies 
 
LF 6-1 
(Wave Dominated 
Beach) 
Open-work Granule 
to Pebble Gravels  
( 6-1) 
Crudely bedded, cm-scale to rare dm-scale, clast supported, commonly 
granule to pebbles, sorted to well sorted, open-work, rounded to well 
rounded quartzose lithologies and minor subangular to angular schistose 
lithologies.  The gravels are shape sorted, and can occur with either 
dominantly platy or equant forms.  Crude bedding distinguished most 
readily by patchy imbrication. 
Interpretation LFA 1 are outwash river gravels, deposited in front of an advancing glacier.  
LFA 2 are sequences of sub-aqueous debris flows from an ice-contact 
margin.  LFA 3 are lacustrine sediments. LFA 5 are bottom sets and foresets 
of a delta feeding into a shallow proglacial lake.  LFA 6 is a variably 
winnowed beach gravel.       
 
48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LF-1-1 
 
LF 5-1 
 
    Cl    Si   Sf    Sm  Sc  Gf  Gc  D 
LFA 2 
LFA 1 
LFA 
3 ? 
LFA 6 
LFA 2 
LFA 1 
LFA 5 
LFA5 
LFA5 
LF 5-1 
 
LF 5-1 
 
LF 5-2 
 
LF 5-3 
 
LF 2-2 
 
LF 6-1 
 
LF 1-1 
 
LF 1-1 
 
LF 2-2 
 
FIGURE 17: Beacon Point Site: Gully 2.  Structural Cross-Section.  Suspended from lake level 
(bottom of litholog). 
49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 18: Beacon Point Site: Gully 2.  Photograph locations referencing figures (F1 for Figure 
1, etc.) and sample provenance for OSL and clastics data. 
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FIGURE 19: LFA 5 deltaic facies,  planar fine quartz sand with silty micaceous sand interbeds 
(LF5-1) on left, with transition to LF 5-2 tabular cross-bedded sands with granule/pebble and sandy 
silt interbeds on right.  Trowel is 0.3 m long.  Note flame structure to left of trowel in left-hand 
figure.  Red arrows shows placement of OSL samples USU 909 on left and USU-908 on right. 
 
 
 
FIGURE 20: LFA 5 tabular cross bedded granule to pebble (LF 5-3) between red lines.  Red lines 
denotes erosional surface between LF 5-2 and LF 5-3.  Green box denotes position of Figure 21. 
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FIGURE 21: Normal faulting of LF 5-3 top sets with normal fault penetrating unit.  Arrows give 
sense of motion and illustrate the plane of failure.  Displacement is approximately 0.2 m 
 
 
FIGURE 22:  LFA 2 highly contorted silty diamicton with pods and interbeds of sands and gravels 
(LF 1-1) on left hand side, and LFA 6 open-work granule to pebble/gravel (LF 6-1).  Note LFA 2 
unit thinning from right to left.  Black lines denote unit; red lines denote shear-fault planes.  Trowel 
is 0.3 m long. 
 
LFA 6 (LF 6-1) 
LFA 1 (LF 1-1) 
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FIGURE 23: Appearance of possible LFA3 rhythmically bedded silts (LF3-1) above LFA 6 open 
work granule to pebbles (LF 6-1).  Black lines bound the silts on the bottom with LF 6-1 and on the 
top with what appears to be partially slumped cover.  
 
 
FIGURE 24: Opposite face in Gully 2, looking SE.  Solid black lines outline unobscured LFA 1 
stratified sands and gravels.  Coarsely dashed line represents inferred base of LFA 2 massively silty 
diamicton with scattered gravel to cobble (LF 2-2).  The hashed area is obscured by slump.   
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FIGURE 25:  LFA 1 stratified sands and gravels (LF 1-2) above the 8 metres of cover on left hand 
side.  Right hand side displays deformation related to dewatering, with dashed black line marking 
interpreted boundary for overlying LFA 2.  Visible excavator is 0.8 m in length  
 
 
FIGURE 26: Angular unconformity formed by normal fault between the underlying LFA 1 
stratified sands and gravels, and the overlying LFA 2 highly contorted silty diamicton with pods and 
interbeds of sands and gravels (LF 2-1).  Red lines denotes fault plane trace with arrows showing 
sense of movement.  Solid black line separates overlying LFA 2 sediments and LFA 1 sediments 
seen in hanging wall.  Dashed black line delineates extent of exposure from overburden.      
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FIGURE 27: Detail of Figure 26 directly to left of excavator handle, displaying the sense of motion 
along the normal fault.  Note angle of clasts in hanging wall block being approximately 45° to the 
essentially horizontal sediments in the foot wall block.  The red line denotes the fault plane 
lineation.  FW = Foot wall, HW = Hanging wall. 
 
 
 
FIGURE 28:  Large boulder at the top of Gully 2, being a suspected LFA 4 primary glacial 
sedimentary unit.  Boulder is approximately 2 metres across and 2 metres high. 
 
HW 
FW 
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BEACON POINT - GULLY 2 
OVERVIEW 
The second gully section is the furthest section SE along the lake shore.  It involves ten lithofacies 
(stratified sands and gravels, stratified gravels, highly contorted silty diamicton with pods and 
interbeds of sands and gravels, massive silty diamicton with scattered gravel to cobble, rhythmically 
bedded silts, planar fine quartz sand with silty micaceous sand interbeds, tabular cross bedded to 
planar bedded sands with granule/pebble and sandy silt interbeds, tabular cross bedded granule to 
pebble/gravel, open-work granule to pebble gravels, and colluvial cover) from six lithofacies 
associations.  LFA 1 and LFA 2 are repeated twice.  LFA 5 is the most extensive unit, and visually 
is stratigraphically the lowest in the exposure.  These lithofacies are characterized by their repetitive 
bedding, grain size, fabric and matrix composition.  The clast lithology is dominantly quartz-veined, 
metamorphosed (greenschist metamorphic facies) quartzofeldspathic siltstones, sandstones and 
greywackes with a weak to moderate schistosity.  Fragments are more rounded from quartz-rich 
clasts and more angular/platy from more schistose lithologies. A summary of the stratigraphy is 
displaying in Figure 17 and 18. 
STRUCTURAL ELEMENTS OF GULLY 2   
The site is broad and open with the first section being more than 16 metres of thinly covered 
vertical exposure composed of planar interbedded silty and micaceous fine sands of LFA 5.  
Deformation is localized, manifesting as dewatering structures (flame structures, rare ball and 
pillow).  This unit grades to interbedded, dm-scale, LFA 5 tabular cross-bedded sands (with several 
different strikes) and LFA 5 planar bedded sands from 17.5-20 metres.  Sheared (along face of 
section to ESE) and artificially concentrated gravel pods scavenged from LFA 1 stratified gravels, 
approximately 0.3 m thick, sits unconformably upon the LFA 5 tabular cross-bedded sands (LF 5-2) 
at 20+ metres total vertical section.  Quickly grading up from the gravel pod is dm-scale LFA 1 
stratified sands and gravels from 20+ metres to roughly 21 metres, which are cut by two normal 
faults with 5-15 cm throw.   
A thinning LFA 2 flow deposit (thinning apparently from NW to SE) sharply forms an angular 
unconformity upon the LFA 1 stratified sands and gravels, with low angle parallel shear planes, and 
minimal basal deformation.  Erosively unconformable LFA 1 stratified gravels caps the LFA 2 flow 
deposit at 22 metres, being 0.5 metres thick.  The LFA 1 unit grades sharply into 0.5 m of LFA 6 
beach gravels at an elevation of 22.5 metres to 23 metres.  A thin 0.3 metre suspected LFA 3 
rhythmically bedded silts occurs from 23 metres to 23.3 metres 
56 
The section becomes heavily obscured for approximately eight vertical metres, requiring a traverse 
SE and W for ~100 metres across a gully to the base of the next exposure on the opposite side at 
about 30.5 metres.  An LFA 1 stratified sands and gravels is exposed for two metres from 
approximately 30.5 metres to 32.5 metres, and capped by 0.5 metres of a suspected LFA 2 mass 
flow facies.  This topmost LFA 2 unit can be tracked around the corner of the section to be viewed 
in profile, where it is seen to sharply cut the underlying LFA 1 stratified sands and gravels at a 20° 
angle (Figures 27 and 28).  The failure plane appears to be approximately 0.3 m down from the base 
of the LFA 2 unit, within the LFA 1 unit.  Sediment below the fault plane is largely intact with 
localized gravel dyking up into the LFA 1 unit.   The profile is antiformal (compressional shear), 
with cohesionless debris mixed from LFA 1 and 2 in the core of the fold. 
INTERPRETATION OF GULLY 2 
The sediments from Gully 2 record two advances, both interpreted to be extensive.  However, the 
first depositional environment represented is deltaic (LFA 5), with at least half of the vertical 
section composed of deltaic bottom sets (LF 5-1; Figure 19 left hand side) and fine to coarse 
foresets LF 5-1 and LF 5-2, respectively; Figures 19 right hand side and 20). 
The delta would be feeding sediment into a shallow proglacial lake, responding to rises in lake level 
with LF 5-1/5-3.  Coarser deltaic sediments are a qualitative proxy for extrapolating the relative 
proximity of the glacier’s outwash head (coarser = proximal, finer = distal).  When noting the 
coarser tabular cross-bedded pebble/gravel of LF5-2, this suggests a higher current energy to 
transport the coarser bedload to the front of a prograding delta, and increasing proximity of the 
glacier front.   
The top of LF 5-2 is erosively cut with LF 5-3 top set braided gravels (Figure 20), of which the 
basal 0.3 m portion is sheared into discreet gravel pods composed almost entirely of pebble and 
gravel-sized clasts.  This progresses into less deformed LFA 1 stratified sands and gravels with 
observed normal faulting (Figure 21).  The erosive contact between the delta foresets (LF 5-2) and 
LF 5-3 topsets was forced by a drop in base level (red line of Figure 20).   
The first ice advance is represented by the LFA 2 mass flow deposit at 21 metres, thinning towards 
the SE (Figure 22 left hand side).  It records the filling of accommodation space created by the 
proglacial lake with subaqueous debris flows.  This sediment accumulation abuts against the LFA 1 
stratified sands and gravels, which suggests that the lake base level was increasing as the glacier 
advanced, submerging the LFA 1 unit and depositing LFA 2.  It is also appears that the loading of 
LFA 2 on the underlying LFA 1 sediments created the small scale normal faults and localized 
shearing (Figure 21).   
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After ice retreat, LFA 2 was eroded with a drop in lake level, creating the LFA 1 stratified sands 
and gravel (Figure 22; above top-most black line in left-hand photo).  An interpreted ice retreat, and 
a subsequent rise in base level, generated LFA 6 beach gravels.  These beach gravels have a sharp 
contact with the underlying LFA 1 unit, but are conformable and interfinger with the LFA 1 unit, 
suggesting a fluctuating rise in water level (Figure 22; right-hand photograph).  At 24 metres 
undifferentiated silt 0.3 m thick is noted on top of the LFA 6 beach gravel, which is believed to be 
LFA 3 lacustrine sediments (Figure 23, clinoform between the two horizontal black lines).  This 
assumption is based on LFA 3 sediments being laterally continuous from Gully 1 to the NW, as 
well as their appearance directly after the first LFA 2 mass flow deposit.  However, the unit is 
covered, which only allows for extrapolations with regard to thickness. 
Immediately above the eight metres of cover are the LFA 1 stratified sands and gravels, and the 
sharp contact with LFA 2 mass flow deposit (Figure 24).  This second LFA 1/LFA 2 unit marks the 
second extensive glacial advance recognized in Gully 2.  This LFA 2 unit is more poorly 
represented than its equivalent at the top of Gully 1, but appears to hold the same characteristics that 
render it non-ice contact and purely paraglacial, but proximal to the glacial front (Figure 25; left-
hand photo).  As with Gully 2, associated deformation due to ice overriding the sediment is noted, 
involving the top-most two metres of the section (Figure 25; right-hand photo).   
The sense of movement is best illustrated by Figure 27.  The observed shearing is a result of ice 
overriding this sediment.  However, deformation here is not syndepositional as with the melting of 
buried ice in Gully 1.  The meltout boulders seen in Gully 1 are not noted being directly above the 
LFA 2 unit.  However, a large boulder is noted approximately 5 metres above the top-most 
exposure in Gully 2, which could represent a relict LFA 4 Primary Glacial Facies association of 
melt-out sediment (Figure 28). 
BEACON POINT – GULLY 3 
OVERVIEW 
The third gully section is the furthest section NW along the lake shore.  It involves six lithofacies 
(stratified sands and gravels, stratified gravels, massive silty diamicton with scattered gravels to 
cobbles, rhythmically  bedded silts, colluvial cover) from four lithofacies associations.   
LFA 1 and LFA 2 are repeated once.  LFA 1 is the most extensive unit.  Colluvial cover is extensive 
at the base of the section, and for several stretches up the face towards the top of the section. 
These lithofacies are characterized by their repetitive bedding, grain size, fabric and matrix 
composition.  The clast lithology is dominantly quartz-veined, metamorphosed (greenschist 
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metamorphic facies) quartzofeldspathic siltstones, sandstones and greywackes with a weak to 
moderate schistosity.  Fragments are more rounded from quartz-rich clasts and more angular/platy 
from more schistose lithologies. A summary of the stratigraphy is displaying in Figure 29 and 30.  
Table 4: Lithofacies associations and interpretation for Gully 3 from the Beacon Point site 
LFA 1 – Braided 
Stream Facies  
 
LF 1-1 
(Stratified Sands and 
Gravels) 
 
LF 1-2 
(Stratified Gravels) 
Stratified sands and 
gravels  
(1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, sub-rounded to 
rounded quartz clasts and sub-angular to sub-rounded schistose clasts.  
Medium gravels with minor cobble sized clasts and rare boulders.  Mostly 
clast supported with intergranular rounded to well rounded, silty VFU-FU 
dominantly quartz.  Moderate to strong imbrication.  Sand interbeds are 
planar bedded, slightly micaceous and dominantly fine to medium grains at 
the bottom of the exposure.  Can coarsen up to VCL with VF quartz sand 
matrix.   
Stratified Gravels  
(1-2) 
Moderately well sorted, clast supported, pebble to cobble gravels with rare 
boulders.  Gravels are imbricated.  Beds are dm scale in thickness and 
laterally extensive.  Locally displays reverse grading.  Main outcrop is 
rounded to sub-rounded but coarser units are frequently more angular. 
LFA 2: Mass Flow  
Facies  
 
LF 2-1 
(Sheared Sub-glacial 
Mass Flow Deposit) 
 
LF 2-2 
(Undeformed Sub-
glacial Mass Flow 
Deposit) 
Highly Contorted 
Silty Diamicton with 
pods and interbeds of 
sands and gravels (2-
1) 
A silty diamicton with about 10% well rounded granule to pebble 
quartz/minor schist clasts.  Interbeds of planar laminated very fine sandy silts 
and sparse cm to dm-scale silty fine sands.  Pods of poorly sorted, well 
rounded clast supported coarse pebble to cobble, quartz and schist lithology 
with a MU sand interbeds.  Rare angular to subangular schist cobbles.  
Heavily contorted, dominantly ductile deformation (metre-scale) with finer 
cm-dm scale brittle deformation.  Both normal /and reverse motion common.  
Localized low-angle parallel shear planes with artificially concentrated 
clasts. 
Massive Silty 
Diamicton with 
Scattered Gravel to 
Cobble ( 2-2) 
Metre to 10’s metres thickness of massive silt, 10-30% clast proportions, 
weakly aligned clasts of subrounded to subangular cobble/small boulder  
Clast lithology is quartzose to schistose, with rare greywacke cobbles and 
boulders.  Cliff-forming with blocky vertical fracture.  Entrained sand grains 
become more angular with coarsening. 
LFA 3 –Lacustrine 
Facies 
 
LF 3-1 
(Rhythmite coupling) 
 
  
Rhythmically Bedded 
Silts (3-1) 
Planar laminated sandy silts, dominantly mm-scale with cm-scale pulses, 
rhythmically bedded with a two part clinoform of thicker massive silt with a 
mm-scale capping lamination.  Display brief cm-scale coarsening episodes of 
very fine to fine sand with rare well rounded pebble to fine gravel clasts.  
The beds are convolute and/or near vertical, unconformably appearing from 
the upper colluvial cover and disappearing into the underfoot colluvium 
Interpretation LFA 1 are outwash river gravels, deposited in front of an advancing glacier. 
LFA 2 are sequences of sub-aqueous debris flows from an ice-contact 
margin.  LFA 3 are laminated lake sediments that have been deformed due to 
a short period of glacial advance.    
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FIGURE 29: Beacon Point Site: Gully 3.  Structural Cross-Section.  Suspended from lake level 
(bottom of litholog). 
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FIGURE 30: Beacon Point Site: Gully 3.  Photograph locations referencing figures (F1 for Figure 
1, etc.) and sample provenance for OSL and clastics data 
 
 
 
 
 
 
 
F31 
F32 
F33 
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A thin one metre thick second diamicton (LFA 2) is recognised, which shears into the underlying 
gravels, producing an interdigitation of this second LFA 2 diamicton and the second LFA 1 
stratified sands and gravels.  Above the second diamicton is another 3 metres of LFA 1 stratified 
sands and gravels, for a total of nearly 39 metres of section.  The section above 39 metres is 
extensively covered.   
 
FIGURE 31: LFA 3 rhythmically bedded silts (LF 3-1) in left hand photo of Gully 3.  Right hand 
photo displays LFA 1 stratified sands and gravels ~1 metre above outcropping of LFA 3 lacustrine 
sediments.  Trowel is 0.3 m long 
 
 
 
FIGURE 32 Base of LFA 1 stratified sands and gravels above LFA 3 lacustrine sediments.  In 
photos, note large LFA 7 colluvial cover obscuring the section, composed of upsection sediments 
which are heterogeneous in grain size and lithology. 
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FIGURE 33: LFA 2 massive silty diamicton with scattered gravel to cobble.  LF 2-1 (outlined with 
red lines) is shearing the underlying LFA 1 stratified sands and gravels (LF 1-1), whilst the 
overlying LF 1-1 appears to be relatively intact. 
 
INTERPRETATION OF GULLY 3 
 
Judging from the relative thickness of LFA 2 and the exposed portion of the lowermost LFA 1 
stratified sands and gravels, it is believed that this couplet is very similar to that seen with the LFA 
2 + LFA 1 lithofacies association in Gully 1. 
Heavy cover prevents any further extrapolation into the extent of the similarities between the basal 
portions of Gully 1 and Gully 3.  The portion of the LFA 2 lithofacies that is exposed from 9.0 – 
13.5 metres does not appear to be contorted, and seemingly free of xenolithic fragments of other 
lithofacies.  These beds sit beneath the well illustrated vertical deflection LFA 3 seen in Gully 1 
(Figure 31, left side).  The coarsening up sequence of LFA 1 stratified sands and gravels (Figure 31, 
right side) marks the gradual development of an extensive braided river system, represented by the 
movement between granule/pebble dominated clast budget to the more familiar gravel/cobble 
dominated clast budget.  The second LFA 1 stratified sands and gravels is the largest unbroken 
example of this unit, being just over 11 metres in height (Figure 32).  The lateral extent of this unit 
brings into question the stratigraphic correlation to Gully 1, where the vertically equivalent unit is 
LFA 3 Lacustrine Facies.  It is suggested that a physical barrier between the two units exists, 
creating two restricted accommodation spaces side by side.   
The second LFA 2 diamicton is manifested as a thin (~1 m thick) unit, shearing the underlying LFA 
1 stratified sands and gravels (Figure 33) from 34 to 35 vertical metres.  Portions of the LFA 2 
receive more traction, splitting from the main unit and become interdigitated with only the basal 
LFA 1 stratified sands and gravels sediments.  Above the second LFA 2 diamicton, the second LFA 
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1 stratified sands and gravels continues on with a slightly coarser fabric, represented by a visually 
higher percentage of entrained cobbles to small boulders.   
SEDIMENTOLOGICAL RESULTS FOR KIRIMOKO CRESCENT 
Kirimoko Crescent Study Area 
The Kirimoko Crescent site is within the Roys Bay/Bremner Bay area, being a SE arm of Lake 
Wanaka.  It is located 2 km directly south of the Beacon Point outcrops, beginning at the junction of 
Aubrey Road and Kirimoko Crescent.    
Table 5. Lithofacies associations and Interpretation from the Kirimoko Crescent Study Area  
LFA 1 – Braided 
Stream Facies  
Stratified sands and 
gravels  
(LF 1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, sub-
rounded to rounded quartz clasts and sub-angular to sub-rounded 
schistose clasts.  Medium gravels with minor cobble sized clasts and 
rare boulders.  Mostly clast supported with intergranular rounded to 
well rounded, silty VFU-FU dominantly quartz.  Moderate to strong 
imbrication.  Sand interbeds are planar bedded, slightly micaceous and 
dominantly fine to medium grains at the bottom of the exposure.  Can 
coarsen up to VCL with VF quartz sand matrix.   
Stratified Gravels 
(LF 1-2 ) 
Moderately well sorted, clast supported, pebble to cobble gravels with 
rare boulders.  Gravels are imbricated.  Beds are dm scale in thickness 
and laterally extensive.  Locally display reverse grading.  Main outcrop 
is rounded to sub-rounded but coarser units are frequently more 
angular. 
LFA 2: Mass Flow  
Facies  
 
LFA 2-1  
Sheared Sub-glacial 
Mass Flow Deposit 
 Highly Contorted 
Silty Diamicton 
with pods and 
interbeds of sands 
and gravels LF 2-1) 
 
A silty diamicton with about 10% well rounded granule to pebble 
quartz/minor schist clasts.  Interbeds of planar laminated very fine 
sandy silts and sparse cm to dm-scale silty fine sands.  Pods of poorly 
sorted, well rounded clast supported coarse pebble to cobble, quartz and 
schist lithology with a MU sand interbeds.  Rare angular to subangular 
schist cobbles.  Heavily contorted, dominantly ductile deformation 
(metre-scale) with finer cm-dm scale brittle deformation.  Both normal 
/and reverse motion common.  Localized low-angle parallel shear 
planes with artificially concentrated clasts. 
LFA 3 –Lacustrine 
Facies 
Rhythmically 
Bedded Silts  
(LF 3-1) 
Planar laminated sandy silts, dominantly mm-scale with cm-scale 
pulses, rhythmically bedded with a two part clinoform of thicker 
massive silt with a mm-scale capping lamination.  Display brief cm-
scale coarsening episodes of very fine to fine sand with rare well 
rounded pebble to fine gravel clasts.  The beds are convolute and/or 
near vertical, unconformably appearing from the upper colluvial cover 
and disappearing into the underfoot colluvium 
LFA 4 –Glacial 
Facies  
Angular to 
Subrounded 
Boulders  
(LF 4-1) 
Poorly sorted, locally clast supported, angular schist and quite minor 
meta-greywacke boulders (>1.5 m) and rounded quartzose boulders 
(>1.0 m).  Matrix (if present)  is silts to granular angular quartz sand)  
LFA 7: Aeolian 
Facies 
 
LFA7-1 
(Loess) 
Well sorted sandy 
silt ( 
LF 7-1) 
Poorly consolidated silts with a minor very fine sand fraction, 
apparently composed mostly of quartz and lithic fragments associated 
with an apparently lightly ferruginized rock flour 
Interpretation LFA 2 are sub-glacial mass flow deposits.  LFA 3 are lacustrine 
sediments deposited  are outwash river gravels, deposited in front of an 
advancing glacier as an aggradation fan.   
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FIGURE 34: Kirimoko Crescent photo 1 of 9 from start of exposure.  Inferred lineations are taken 
from surrounding clinoforms.  Note abutment of LF 3-1 monocline and upsection LF 2-1vertically 
deflected clinoforms against uppermost LF 3-1 clinoform bounding surface, suggesting either 
erosional unconformity or trace of slip plane.  Red circle represents placement of OSL sample USU 
911. 
 
 
 
FIGURE 35: Kirimoko Crescent photo 2 of 9 from start of exposure. Note inset package of LF 3-2 
in the underlying LF 2-1 on right hand side of photo; interpreted as a horse segment within a thrust 
duplex.  The red zone denotes area of finer investigation described in text (see Figure 36). 
LFA 7-1 
LFA 7-1 
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FIGURE 37: Kirimoko Crescent photo 3 of 9 from start of exposure. Note overall thinning of LF 3-
1 clinoforms and loss of sympathetic deformation moving up-section; interpreted as artifact of 
intensified local shearing and duplex development.  Monoclinal segment of LF 3-1 in middle of 
photo represents horse fragment shearing vertically through section.  Note sharp downward 
deflection of basal LF 2-1 sediments.  Red squares denote areas of enhanced resolution described in 
Figure 38. 
 
FIGURE 36: Enhanced view of sheared LF 2-1 mass flow deposit from Kirimoko Crescent 
photo 2 of 9 from start of exposure.  Yellow lines denote trace of LF 2-1 clinoforms (dashed 
lines are inferred trace).  Black lines along top of figure separate the uppermost LF 7-1 loess 
from the thin underlying LF 1-1 stratified sand and gravel.  Note decoupling of clinoforms in 
middle left of figure with deflection of the topmost bed from the lowermost bed. 
LFA 7-1 
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FIGURE 38: Enhanced areas resolution from Kirimoko Crescent photo 3 of 9 from start of exposure. A: 
Deformed laminated LFA 3- with convolute laminations.  B: Intensely ferruginized laminations.  C: Sheared 
and deflected LFA 3-1 silts.  Ferruginization is considered to be a function of constituent minerals within 
thin bands, with oxidation of iron-containing lithic fragments producing several phases of iron oxide 
(possibly limonite/goethite).  Note deformational style carries through to finer intrabed laminations, 
illustrating deformation intensity and suggests elevated water saturation during period of deformation. 
    
 
 
FIGURE 39: Kirimoko Crescent photo 4 of 9 from start of exposure.  Note sympathetic deformation of LF 
3-1 and LF 2-1 sediments towards middle of photo, with the apparent anticlinal apical trace of LF 3-1 having 
been eroded away. The lower bounding surface of LF 1-1 is considered to be the trace of an erosional 
unconformity.  Red square denotes area of enhanced resolution described in text (see Figures 40 and 41).  
LFA 7-1 
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FIGURE 40: Enhanced view of synformal LFA 3-1 deposit from Kirimoko Crescent photo 4 of 9 
from start of exposure.  Plants were removed to increase resolution.  Note near vertical abutment of 
LFA 3-1 clinoforms with overlying LF 1-1 bounding surface.  Red squares denote further enhanced 
areas of resolution described in text (see Figure 41). 
 
 
  
FIGURE 41: Enhanced view from Kirimoko Crescent photo 4 of 9 from start of exposure.  All sites 
display convolute deformation with boudinage of individual beds, and plastic/brittle disruption.  
Zone A displays pillowed mm-cm scale beds with local loss of bed cohesion due to dewatering 
(pillowed area in centre right of A).  Zone B illustrates the plastic deformational style at the scale of 
bedding and laminae.  Zone C illustrates the brittle style of deformation at the bedding/laminae 
scale. 
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FIGURE 42: Kirimoko Crescent photo 5 of 9 from start of exposure.  Note continued duplex 
construction, with horse segments noted at the right and left hand edges of the photo.     .   
 
 
 
FIGURE 43: Kirimoko Crescent 6 of 9 from start of exposure.  Note that exposure is consists of 
two horses.  The right-hand segment is composed of LF 2-1 sediment, and is truncated by a horse 
composed of LF 3-1 sediment.  Red zone denotes area of enhanced resolution described in text and 
shown in Figure 44. 
   
 
   
LFA 7-1 
 
LFA 7-1 
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FIGURE 44: Enhanced areas for Kirimoko Crescent photo 6 of 9 from start of exposure.  Zone A 
exhibits kink banding in individual silty very fine sand units of LFA 3-2.  Zone B illustrates classic 
recumbent folding imposed upon a ferruginized sandy LFA 3-2 interbed.  Red line approximates 
repose angle and trace of axial fold plane.  Blue arrows denote relative shear on the trace. 
 
 
 
 
 
FIGURE 45: Kirimoko Crescent photo 7 of 9 from start of exposure.  The heavy colluvial cover 
gives only partial exposure of the LF 3-1 unit. 
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FIGURE 46: Kirimoko Crescent photo 8 of 9 from start of exposure.  Note longer clinoform 
wavelengths, and absence of duplex deformational style, suggesting a weakening of deformation 
intensity.  The LF 1-1 unconformity is still present, as seen with termination of several beds against 
the trace of the unconformity. 
 
 
 
FIGURE 47: Kirimoko Crescent photo 9 of 9 from start of exposure.  The weakening of 
deformational intensity is again illustrated. 
LFA 7-1 
 
LFA 7-1 
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OVERVIEW 
It involves five lithofacies (massive sheared silts, stratified sands and gravels, highly contorted silty 
diamicton with pods and interbeds of sands and gravels, loess, meltout till) from five lithofacies 
associations. The unit is composed dominantly of intensely deformed, basal LFA 2 and LFA 3 
(LFA 2-1 sheared sub-glacial mass flow deposit and LFA 3-1 rhythmically bedded silts), producing 
a melange from both lithofacies which is similar to deformed sediments recorded in the Beacon 
Point Study Area.  There is an LFA 1-1 component (stratified sands and gravels) patchily 
represented between the LFA 2 mass flow deposit at the base of the section and overlying LFA 3-1 
laminated/finely bedded silts, but is difficult to differentiate from the LFA 2 mass flow deposit and 
deformation overprint.  A dispersed LFA 4 primary glacial facies (angular to sub-rounded boulders) 
is noted on the topographic surface of the outcrop.  These lithofacies are characterized by their 
repetitive bedding, grain size, fabric and matrix composition.  The clast lithology is dominantly 
quartz-veined, metamorphosed (greenschist metamorphic facies) quartzofeldspathic siltstones, 
sandstones and greywackes with a weak to moderate schistosity.  Fragments are more rounded from 
quartz-rich clasts and more angular/platy from more schistose lithologies.  A summary of the 
stratigraphy is displayed in several orientated panels, as well as discrete enhanced resolution for 
several areas.  Compass bearings give an orientation to the photo, with a total of ten orientated 
images progressing through the entire lateral exposure.  Both the LFA 1-1 and 7-1 units are 
essentially planar with localized deformation recognisable by a melange of these two units.  
Synclinal portions of the exposure proceed under the roadbase for Kirimoko Crescent, with an 
intuitive reappearance down section to complete the synform.  Please refer to Figures 34 to 47. 
BEDDING 
The photo series that follows from Figure 34 to Figure 47 records the deformation moving from 
along strike of the sheared silts (Figures 34 to 39), transitioning from the strike orientation to the 
plunge orientation (Figures 40, 41 and 42), and finally moving along the trend of the deformation 
(Figures 43 to Figure 47).  The base of the exposed section is dominated by LFA 2-1 sheared mass 
flow deposit, with thicknesses determined by the extent and magnitude of deformation noted in the 
overlying LFA 3-2 silts.  The unit is contorted and texturally heterogenous, with pods of locally 
clast-supported gravels, isolated blocks of finely bedded/laminated silts, cobble to small boulder 
clasts of greywacke and schistose meta-sediments, and a matrix of micaceous sandy silts. The 
sparsely represented LFA 1-1 unit (stratified sands and gravels), apparently interposed between 
underlying LFA 2-1 and overlying LFA 3-2, is measured to be up to a metre in thickness.   
72 
The unit is contorted and texturally heterogenous, with pods of locally clast-supported gravels, 
isolated blocks of finely bedded / laminated silts, cobble to small boulder clasts of greywacke and 
schistose meta-sediments, and a matrix of micaceous sandy silts. The sparsely represented LFA 1-1 
unit (stratified sands and gravels), apparently interposed between underlying LFA 2-1 and overlying 
LFA 3-2, is measured to be up to a metre in thickness.  
The upsection LFA 3-2 massive sheared silts are micaceous, finely laminated to cm-scale bedded 
silt with intervals of sandy silt and discreet stringers of coarser granule to pebble/gravel clasts. The 
internal current (ripple cross-laminated to massive) and bedding structures are variably skewed by 
ductile deformation (see figure 38).  An erosive unconformity occurs above these units, cutting 
through the softer LFA 3-2 silts and follows the upper bounding surface of the more indurated LFA 
2-1 gravels (or sporadically with the bounding surface of outcropping LFA 1-1 stratified sands and 
gravels).  The unconformity intervenes between the eroded underlying units and an apparently 
abbreviated LFA 1-2 stratified sand and gravel, composed of variably clast supported to matrix 
supported gravels with a sandy silt matrix.   
STRUCTURAL ELEMENTS OF KIRIMOKO CRESCENT 
The site involves a distance of approximately 250 metres of continuous exposure, with heights of 
exposure between 1-3 metres.  The base of the section has continual, laterally extensive colluvial 
cover, ranging in height between 1-2 metres.  The sediments of LFA 2 and LFA 3 have been 
heavily deformed, with the dominant interbed sense of deformation being ductile, and intrabed 
deformation expressing a variable amount of ductile and brittle mechanisms.  A series of antiform, 
synform and minor recumbent features are specifically recognised in the silt-rich beds where 
bedding is strongly developed or differentially ferruginized, with sympathetic folding occurring in 
the underlying LFA 1 stratified gravels/LFA 2 mass flow deposit.  Some units have been deflected 
downward to vertical, disappearing into the colluvial cover.  Other clinoforms are dismembered as 
isolated blocks of LFA 2 or 3, which have internal textures and bedding making them distinct from 
the surrounding lithologies.  The basal units are truncated unconformably by a narrow cm-dm scale 
unit of LFA 1-1 stratified sands and gravels. This in turn sharply grades into an LFA 7-1 loess 
deposit with a well developed soil overprint. 
This is a repeating pattern for the entire section.  Imbrication is weak and possibly influenced by 
shearing.  The thin LFA 1-1 unit gradually transitions up section to a cm-dm scale LFA 7-1 aeolian 
sand unit.  It is composed of massive, faintly ferruginized silts with a quite minor very fine quartz 
sand fraction.  Moving towards the NE portion of the exposure, the underlying LFA 2-1 mass flow 
facies does not outcrop, with only the LFA 3-1 sediments and stratigraphically higher units being 
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expressed.  As well, the intervening LFA 1-1 unit pinches out at some point along the middle point 
of the 7 of 9 Kirimoko exposure (Figure 45).  There is a suspected deformational artifact related to 
thrust duplexing and stacking of ‘horse’ units which has the effect of artificially thickening LFA 3-2 
units, which is discussed in the following section. 
FAULTS AND FOLDS 
The section is dominated by a series of synforms and antiforms, with a small number of interbed 
and intrabed recumbent folds.  Brittle deformation is a common intrabed feature, with cm and 
sparse dm-scale displacements along normal and minor reverse faulting.  Intrabed convolute 
laminations and bedding are very common within LFA 3-2.  The LFA 2-1 unit deflects 
sympathetically with the overlying LFA 3-2 silts.  The truncating LFA 1-1 and LFA 7-1 clinoforms 
are essentially planar with some minor ductile deformation seen as convolute bedding.  Along the 
NNE trending exposure, synform and antiform features have a higher incidence of occurrence, with 
shorter wavelengths than those recognised further along the NE trending exposure.  The NE 
trending exposure has a style of deformation where a single clinoform can be traced laterally for 
longer distances (longer wavelengths).  Towards the end of the NNE exposure and the beginning of 
the NE portion of the exposure, there appears to be some artificial repetition of LFA 3-2 (see figures 
37, 40 and 41).  The abutment of LFA 3-2 units against one another with a shear zone or obvious 
change in bedding angle suggests that there could be stacking of units into a thrust duplex pattern.  
Where units are sheared in this contractional deformation environment, there can be bedding scale 
loss of cohesion, producing boudinaged beds that thrust over top of the failed counterpart bed, 
producing a stack sequence of the same bedding plane.  Such units are called horses, and this 
deformational style is apparent in cross-section at differing apparent dip angles.       
INTERPRETATION OF KIRIMOKO CRESCENT SITE 
The sediments at Kirimoko Crescent record at least two ice advances where ice has overridden the 
area.  The deformation observed advancing towards the north after.  Moving from NNE to NE along 
the exposure brings the outcropping beds closer to true dip direction and actual shear vector 
azimuth.  The initial ice advance moved north towards the confluence of the Clutha river and 
Glacial Lake Wanaka, deposition being dominated by LFA 2-1 sub-glacial mass flow deposits into 
a proglacial lake (ie Lake Wanaka) and LFA 3-2 lacustrine sedimentation, with some 
syndeformation of the LFA 2-1 and 3-2.  Episodic ice margin stability and ice withdrawl 
transitioned the dominant depositional styles from LFA 2-1 to LFA 3-2 laminated lacustrine silts.  
The second advance was more extensive, with the entire Kirimoko Crescent area being over-ridden, 
deforming sediments related to previous advances in a series of synformal, antiformal and 
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recumbent folding.  Several of the LFA 3-2 beds have produced thrust duplexes, composed of 
several ‘horse’ segments.  The exposure height restricts visualizing horse units past two or three 
stacks.  A moraine related to the last advance was not recognised at the site, but is suspected from 
Google Map imaging and the style of deposition would suggest the presence of a moraine ridge.  It 
would have to be of very low amplitude to be masked by the surrounding topography (sub-metre to 
sub-dm).With ice retreat, supraglacial material was dropped onto the topographic surface of the 
area, producing a patchy LFA 4-1 meltout till (see Figure 34).  The LFA 1-1 unit could be 
interpreted as being genetically related to the LFA 4-1 meltout till.  Its poor development and thin 
cover would support such an explanation.  As the Lake Wanaka depocentre filled in from LFA 1-1 
braided river development, the gradient shallowed and deposition transitioned from fluvial to 
aeolian.  The LFA 7-1 capping unit is understood to be the youngest lithofacies within the sequence.   
An alternative timeline should be acknowledged for the OSL dates acquired at Gully 1.  If the date 
sampled from the middle of the section (USU 913 @ 32.1 +/- 5.7 ka) is considered to be 
anomalously old, with the true age being somewhere between the stratigraphically lower USU 912 
(16.6 +/- 4.1 ka) and an anomalously old age at the stratigraphically higher USU 914 (11.0 +/- 2.7 
ka), then there would be only 2 advances recorded at Beacon Point.  Therefore, the date established 
at Kirimoko Crescent (USU 911 @ 11.7 +/- 1.6 ka) would be recording a relatively synchronous 
deformation event that agrees well with the date taken directly below the debris flows in Gully 1.  
However, it is difficult to resolve this alternate interpretation with the timing of ice advance and 
retreat in the Glendhu Bay area, and for this reason I am resolved to adhere to my primary 
interpretation of the OSL dates and resulting stratigraphic discrepancies.   
SEDIMENTOLOGICAL RESULTS FOR GLENDHU STATION SITE AREA 
GLENDHU STATION STUDY AREA 
The Glendhu Station sites (NZTopo50-Cardrona: CB12 834457) are located along an ~1 km NE-
SW trending escarpment approximately 50 m in height that runs parallel with Motutapu Road, 
about 200 m to the west (see Figure 47).  Access to the site was acquired in consultation with John 
McRae, owner of the Glendhu Homestead (Wanaka Organics).  Access is gained through a cattle 
gate near the junction between Motutapu and Glendhu Station access roads, and walking ~300 
metres NW through the paddock.  Exposures manifest as colluvium covered sands and indurated 
cliff-forming stratified sands and gravels.  The main focus of this investigation took place along 
three exposures that displayed the most uninterrupted vertical stratigraphic sequence.  Roughly 400 
metres SW from the first site is the second exposure, with a further 600 m to the SW separating the 
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second and third exposures.  The sequences range between 5-45 metres in height, broken by 
colluvium and brush. 
 
 
 
 
 
 
FIGURE 48: Google map view of Glendhu Station field area referencing 1:50 000 geological 
map sheet 
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Table 6.  Lithofacies associations and Interpretation from the from the Glendhu Station Area 
for Site 1  
 
LF 4 –Glacial 
Facies  
 
LFA4-1 
(Meltout Till) 
Angular to 
Subrounded 
Boulders  
(LF 4-1) 
Poorly sorted, locally clast supported, angular schist and quite minor 
meta-greywacke boulders (>1.5 m) and rounded quartzose boulders 
(>1.0 m).  Matrix (if present)  is silts to granular angular quartz sand) 
LF 5: Delta Facies 
 
LFA 5-1 
(Bottom Sets) 
 
LFA 5-2 
(Fore Set) 
 
 
LFA 5-3 
(Top Sets) 
 
Planar Fine Quartz  
Sand with Silty 
Micaceous Sand 
Interbeds (LF 5-1) 
Broadly cm-scale VFU-FL sand, having sparsely micaceous intervals 
and rarer instances of deformation related to dewatering.  Sparse 
planar bedded, mm-cm scale, VFL, very well sorted, mostly sub-
rounded to rounded, dominantly quartz sands with abundant detrital 
muscovite mica.  Can display plastic deformation related to 
dewatering.   
Tabular Cross 
Bedded Sands with 
granule/pebble to 
minor gravel and 
Sandy Silt 
Interbeds  
(LF 5-2) 
Tabular cross bedded, mm to cm-scale, sorted to well sorted, mostly 
subrounded, dominantly quartz with minor schist lithology, VFU to 
FU sand with entrained granule to pebble fraction.  Sandy silt 
interbeds carry very fine sands with abundant detrital muscovite 
mica, with dm-scale units commonly display plastic deformation 
structures related to dewatering and loading.  Granule/pebble to 
minor gravel interbeds are composed of imbricated subrounded to 
rounded quartz granule to pebble and minor platy schist, varying 
between matrix and clast supported, and typically capped with 
coarser clasts of gravel to rare cobbles of quartzose and schistose 
lithology.   
Tabular Cross 
Bedded Granule to 
Pebble/Gravel 
 (LF 5-3) 
Tabular cross bedded, cm-dm scale, sorted to well sorted, mostly 
subrounded quartzose to subangular schistose lithology, granule to 
pebble with subordinate gravel fraction and minor quartz coarse sand 
intergranular fraction.   
LF 6: Beach Facies 
 
LFA 6-1 
 Wave dominated 
beach gravel   
Open-work 
Granule to Pebble 
Gravels  
(LF 6-1) 
Crudely bedded, cm-scale to rare dm-scale, clast supported, 
commonly granule to pebbles, sorted to well sorted, open-work, 
rounded to well rounded quartzose lithologies and minor subangular 
to angular schistose lithologies.  The gravels are shape sorted, and 
can occur with either dominantly platy or equant forms.  Crude 
bedding distinguished most readily by patchy imbrication. 
Interpretation LFA 1 are outwash river gravels, deposited in front of an advancing 
glacier.  LFA 2 are sequences of sub-aqueous debris flows from an 
ice-contact margin.  LFA 5 are bottom sets, foresets and topsets of a 
delta feeding into a shallow proglacial lake.  LFA 6 is heavily 
winnowed beach gravel.       
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FIGURE 49: Glendhu Station: Site 1 - structural cross section.  Section suspended from Fern 
Burn base level (bottom of litholog). 
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FIGURE 50: Glendhu Station: Site 1.  Photograph locations referencing figures (F1 for Figure 
1, etc.) and sample provenance for OSL and clastics data. 
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FIGURE 51: Geological map of Glendhu Bay area showing outcropping higher grade 
metamorphics within the Matukituki River valley and margins of Fern Burn.  Yellow line is the 
metamorphic isograd between the metamorphic grades of schist.  Green line is the Motatapu Road.  
The green outcrops in LH photo are greenstone outcrops (Source: Turnbull, 2000; Google 2012). 
 
 
FIGURE 52: Profile view of first site from Glendhu Station study area.  Right-hand side of photo 
displays exposure. 
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FIGURE 53: Standing on top of delta (wave-cut platform), looking towards SW along top of 
escarpment. 
 
 
 
 
 
FIGURE 54:  Site 1 with broken exposure, with left-hand photograph displaying gravelly indurated 
units and deflated sandy units.  Right-hand photograph (corresponding to red square on left) 
displays low angle planar coupled pebble / gravel sands (LFA 5-2 and LFA 5-3, respectively), with 
silty sand interbed (LFA 5-1).  Trowel is 0.3 m in length.  Note excavated portion of section to left 
of trowel where OSL sample USU 1094 was taken. 
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FIGURE 55:  Interbedded sands and gravels (right-hand photo), with closer view of gravel / pebble 
lag demarking clinoforms (left-hand photo).  The three LFA 5-2 and LFA 5-3 couplets are 
numbered 1 to 3.  Note intervening LFA 5-1 silty sand interbed (arrowed red).  Demarcations on 
survey tape are in centimetres.  Right hand photo displays process of lateral correlation through 
covered portions of the section.  Darker beds denote silt/clay-rich clinoforms due to moisture 
retention after ‘cleaner’ sands have partially dried. 
.   
 
 
 
FIGURE 56:  Low angle erosional unconformity between LFA 5-3 and LFA 5-1 (yellow line) in 
right hand (RH) photo, denoting an erosional surface, marking the cessation of deltaic progradation 
and deposition of LFA 5-1 (deltaic topsets), as well as a short interval of quite minor downcutting to 
remove topmost sediments of last foreset.   The left hand (LH) photo is LFA 5-3 (stratified sands 
and gravel topsets) outcropping above the dashed yellow line in RH photo.   
1 
2 
3 
82 
 
 
FIGURE 57:  Looking toward the top of the exposure with LFA 5-3 in the foreground. 
 
 
FIGURE 58   Looking towards the top of the section at the indurated beach gravel lithofacies (LFA 
6-1). 
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FIGURE 59: Beach gravels (LFA 6-1) in profile.  Note open-work framework and sorting 
dependent upon grain shape 
 
 
 
 
 
FIGURE 60: Large schist boulders deposited directly on top of beach gravels (LFA 6-1).  Position 
of boulders is only apparent, as present position may be a function of slumping. 
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HETEROGENEITY IN CLAST LITHOLOGY FOR GLENDHU STATION 
Fabric studies for Glendhu Station that a higher proportion of higher grade metamorphic schists 
(blueschist and epidotized schistose lithologies) are being recorded, as well as the initial appearance 
of volcanolithic conglomerates and intermediate (trachyandesite) volcanics.  Trachyandesite is used 
as a ‘catch-all’ term to summarize outcropping volcanic deposits of intermediate igneous 
mineralogy, expressed in the sedimentary record of the modern and palaeo-drainage for the 
Matukituki and Fern Burn catchments.  This includes trachytes (alkaline intermediate), andesites 
(calcic/sodic intermediate), and latites (middle member between trachytes and andesites).  A 
number of greenstone outcrops are exposed along the Matukituki catchment and up valley in the 
modern Fern Burn catchment area.  A metamorphic textural isograd trends the western ranges of the 
Fog Peak/Black Peak mountains, which also marks western boundary of the Matukituki river 
catchment.  This isograd separates mm-scale schistosity towards the west and south, from cm-scale 
schistosity in the north and east. A summary of higher ranked metamorphic outcrops is noted in 
Figure 51. 
GLENDHU SITE 1 – OVERVIEW 
The first site is the furthest NE section and closest to the Glendhu Station and Homestead (Figures 
52 and 53).  It involves eight lithofacies (stratified sands and gravels, angular to subrounded 
boulders, Planar Fine Sand with Silty Sand Interbeds, tabular cross bedded sands with minor silt 
and pebble interbeds, Tabular Cross Bedded Granule to Pebble/Gravel, stratified sands and gravels, 
open-work granule to pebble gravels, Colluvial Cover) from six lithofacies associations (see Table 
6).  The unit is composed dominantly of alternating LFA 5 lithofacies, which is unconformably 
eroded by LFA 3 stratified sands and gravels (LFA 1-1), and capped unconformably by LFA 6 
Beach Facies (openwork granule to pebble gravels LFA 6-1).  A dispersed LFA 4 Primary Glacial 
Facies (clast supported boulders LFA 4-1) sits in an apparent position that may have evolved from 
erosion of a higher unit.  These lithofacies are characterized by their repetitive bedding, grain size, 
fabric and matrix composition.  The clast lithology is dominantly quartz-veined, metamorphosed 
(greenschist metamorphic facies) quartzofeldspathic siltstones, sandstones and greywackes with a 
weak to moderate schistosity.  Fragments are more rounded from quartz-rich clasts and more 
angular/platy from more schistose lithologies.  A summary of the stratigraphy and lithofacies for 
Site 1 are noted in Figures 49 and 50. 
STRUCTURAL ELEMENTS OF SITE 1   
The site is broad and open with the first section being more than 25 metres of moderately to thickly 
covered sloped exposure composed of planar interbedded silty and micaceous fine sands of LFA 5 
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(see Figure 54).  Bedding has a low (<15°) angle of repose, with much of the exposure being piece-
meal.  The majority of the unit had to be excavated and correlated laterally along indurated units to 
uncover missing portions of the exposure (Figure 54).   
The first unit becomes uncovered approximately 15 metres up the section, being LFA 5-3/LFA 5-
2/LFA 5-1 (fining up sequence), followed by several cm-dm-scale coarsening up sequences 
separated by cm-scale LFA 5-2 units occurring over a metre of exposure (Figure 54).  The next 0.6 
metres see dm-scale sand sharply grading to a repeated (3x) sequence of coarsening up LFA 5-3 
units with a gravel/cobble lag capping each clinoform (Figure 54, right hand photograph).  This unit 
grades sharply into cm-scale LFA 5-2 units separated by thin mm to cm scale massive micaceous 
silts (finer genetically related LFA 5-2 unit) over the next 1.2 metres (Figure 55).   
These units are topped by 1.2 metres involving three sequences of dm-scale LFA 5-3 (Figure 56, 
right hand image) capped by a cm-scale silt-starved LFA 5-3 bed.  This series appears to have been 
eroded with a subsequent unconformable transition to a 0.4 m LFA 5-1 unit that is essentially 
horizontally bedded.  After a short covered interval, a dm-scale LFA 5-3 stratified sand and gravel 
topset (Figure 56 left hand image and Figure 57) is recorded.  The topset unit is exposed for 
approximately 0.4 metres with small breaks in exposure (Figure 58), but is considered to continue 
uninterrupted (judging from absence of sands and modally similar clasts in colluvial cover) to the 
next overlying unit.  The overlying LFA 6 Beach Gravel Facies (LFA 6-1) transition from the 
underlying LFA 5-3 unit is similarly masked for less than 0.1 metres (Figure 59).  The LFA 6 beach 
gravels continue for ~0.3 metres, and gently grade into a sandy silt over a short cm-scale interval 
for a total thickness of less than 0.1 metres.  This silty unit on top of the beach gravels is capped by 
two schistose boulders (LFA 4-1) more than one metre across (Figure 60), being angular and 
possibly evolved from units higher up the slope. 
INTERPRETATION OF SITE 1 
The sediments at Site 1 record several minor advances and retreats of ice occupying the Fern Burn 
valley which is following the interpreted palaeochannel of the Matukituki river.  The primary 
depositional environment is deltaic (LFA 5), where coarsening up, reverse-graded LFA 5-2 and 
LFA 5-3 (tabular cross bedded sands with minor silt and pebble interbeds & tabular cross bedded 
granule to pebble/gravel, respectively) couplets are separated by thin LFA 5-1 bedded silty sands 
(Figure 54).  These sequences are interpreted as deltaic foresets generated by ice advancing up 
valley, with an increase in grain size.  The thin LFA 5-1 bed represents a period of sediment 
starvation, where the flow regime has dropped (ie ice retreat) and created a low energy environment 
where the bed load/suspended load are composed of dominantly fine sands and silts.  Moving up 
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section, after a relatively longer period of possible retreating ice (represented by 0.3 m of LFA 5-1), 
the LFA 5-1 interbed is no longer apparent, with LFA 5-2/5-3 couplets repeating three times (Figure 
55 left hand photo).  The missing LFA 5-1 unit suggests ice is not retreating down valley as far, 
with a higher transport energy retaining larger clast sizes in the bed / suspended load.  Following 
this farthest evidenced advance (represented by two coarser sediment pulses at 1.8 and 1.9 m), there 
is a period of gradual retreat, with fine sands and silts dominating sediment load (Figure 55 right 
hand photo).  The coarsest foresets are seen directly above the bedded sands, with five LFA 5-
3/LFA 5-1 couplets, displaying a higher gravel/cobble fraction, representing the furthest ice 
advance recorded in the exposure (Figure 56, right hand photo).   
The next 0.4 metres of LFA 5-1 are unconformably positioned on top of the coarsest LFA 5-3 unit 
(topmost sand in Figure 55, right hand photo).  The erosive unconformity is near horizontal with no 
detectable angle of repose.  The period of erosion marks the cessation of delta progradation, and the 
slow filling of available accommodation space with subsequent topsets.  The gravels in Figure 56 
(left side) mark the transition between prograding deltaic to LF 5-3 top set fluvial incision of the 
delta top, which appears to be sharp, but the transition is obscured by colluvial cover.  The LFA 5-3 
stratified sands and gravels continue for a further 0.4 metres, before quickly grading through a 
thinly covered (<0.1 m) colluvial unit to LFA 6 beach gravels (Figure 59).  This transition 
represents a rise in base level, from deposition to reworking of available material and winnowing of 
fines.  This is apparent in the openwork fabric of the granule/pebble/gravel material (Figure 59). 
The LFA 6 Beach facies is capped with thin sandy silt to loess, which is believed to represent the 
retreat of the lake margin down valley, with the dominant sediment transport being aeolian.  The 
large boulders capping the silt/loess (Figure 60) are considered to represent supraglacial melt-out 
boulders.  However, it is difficult to determine whether the boulders are insitu or have been eroded 
and transported downslope from a higher elevation. 
It should be noted that the lithic heterogeneity observed between the base of the delta and the beach 
gravels decreases dramatically.  This reduction to two lithologies being represented (quartz and 
schist) is considered to be a function of reworking from wave swash along the beach, removing the  
softer minerals (micas, clays, feldspars) from the harder siliceous clasts (ie quartz and quartz-rich 
schists). 
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GLENDHU BAY SITE 2  
Table 7.  Lithofacies associations and Interpretation from the from the Glendhu Station Area 
for Site 2   
 
LFA 1 – Braided 
Stream Facies  
Stratified sands and 
gravels  
(LFA1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, sub-rounded 
to rounded quartz clasts and sub-angular to sub-rounded schistose clasts.  
Medium gravels with minor cobble sized clasts and rare boulders.  Mostly 
clast supported with intergranular rounded to well rounded, silty VFU-FU 
dominantly quartz.  Moderate to strong imbrication.  Sand interbeds are 
planar bedded, slightly micaceous and dominantly fine to medium grains at 
the bottom of the exposure.  Can coarsen up to VCL with VF quartz sand 
matrix.   
Stratified Gravels 
(LFA1-2) 
Moderately well sorted, clast supported, pebble to cobble gravels with rare 
boulders.  Gravels are imbricated.  Beds are dm scale in thickness and 
laterally extensive.  Locally displays reverse grading.  Main outcrop is 
rounded to sub-rounded but coarser units are frequently more angular. 
Interpretation LFA 1 are outwash river gravels, deposited in front of an advancing glacier 
as an aggradation fan.  LFA 7 is colluvial cover either as an apron of 
upsection material or as slump blocks. 
 
SITE 2 OVERVIEW 
The second site (NZTopo50-Cardrona: CB12 829453) is accessed by walking SSW 300 metres 
from Site 1 along the profile of the NW facing escarpment.  Collectively, the exposure involves two 
lithofacies (stratified sands and gravels, stratified gravels) from one lithofacies association (see 
Table 7).  The outcrop is dominantly composed of interbedded stratified gravels and sands (LFA 1-
1).  A heavily deformed sand bed marks the transition between LFA 1-1 and overlying LFA 1-2 
stratified gravels, with apparent direction of deformation being towards the SW or up valley.  These 
lithofacies are characterized by their repetitive bedding, grain size, fabric and matrix composition.  
The clast lithology is dominantly quartz-veined, metamorphosed (greenschist metamorphic facies) 
quartzofeldspathic siltstones, sandstones and greywackes with a weak to moderate schistosity.  
Quartz rich fragments are more rounded and more schistose lithologies are platy.  A summary of the 
stratigraphy and lithofacies for Site 2 are noted in Figures 61 and 62. 
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LFA 1 
5 
10 
FIGURE 59: Glendhu Station: Site 2 - Structural cross section. Section suspended 
from Fern Burn base level (bottom of litholog) 
LF 1-2 
LF 1-1 
FIGURE 61: Glendhu Station: ite 2 - tructural cross se ti n. Section suspended from Fern Burn 
base level (bottom of litholog). 
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5 
10 
FIGURE 62: Glendhu Station: Site 2.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
 
 
 
 
 
 
 
F63 
and 
F64 
F65 
F66C 
F66D 
OSL # USU-1093 
27.7 +/- 4.7 ka 
41kk 
F66B 
90 
 
FIGURE 63: Lithofacies summary for Site 2.  Blue line across face denotes edge of correlatable 
exposure.  Red arrows illustrate slip plane between exposure and debris apron across bottom. 
 
 
 
 
FIGURE 64: Panorama image of Site 2 with four specific areas of interest investigated in finer 
detail (areas A-D).  The green boxes separate the exposure into 4 general zones defined by 
deformation style.  A: Deflection of sand bed from decollement and poorly developed boudinage.  
B: Further unit deflection up exposure with brittle kink and chevron folds.  C: Recumbent folding of 
sand unit with loss of bed cohesion.  D: Boudinage of sand bed and trend of surrounding gravels 
across exposure. 
 
A C 
D 
B 
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FIGURE 65: Macroview A of Site 2 exposure.  Image is orientated SSW to left and NNE to right.  The black lines 
define the sand unit from the surrounding LF 1-1 sands/gravels.  The dashed yellow lines trace the trend of sympathetic 
deformation transferred from the sheared sand into the surrounding sediments.  The dashed red line defines the axial 
trace for synforms and antiforms noted in the exposure, specifically where they can be followed from the sand body into 
the surrounding LF 1-1 sediments.  The dotted red line is a correlation between sheared portions of the same sand unit.  
The red arrows display the assumed datum for the trace of the failure plane along which the observed deformation 
initiated, and the apparent direction shear stress propagated. 
 
 
 
FIGURE 66: Site 2 macroviews for areas B / C / D.  Small blue arrows denote sense of movement for faulting.  Large 
blue arrows in Area C denote sense of shear between the limbs of recumbent fold.  The solid red lines record the axial 
traces for folds specifically in the sand unit.  The solid blue line delineates the exposure from the obscuring debris apron 
downsection.  The dotted black lines delineate an obscured sand body.  The dotted yellow lines denote the assumed 
trend of deformation not observed in the exposure. 
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STRUCTURAL ELEMENTS OF SITE 2 
The site is broad and open with ~60 metres of unbroken lateral exposure, and has a maximum 
vertical exposure of roughly 23 metres (Figure 63).  There is a 7-14 m talus cone style of colluvial 
cover skirting across the majority of base of the section composed of gravel to cobble and boulder 
clasts.  A small two metre wide exposure along the southern margin of the outcrop gives an 
additional 4.5 metres of vertical correlatable face, but with poor lateral continuity.  Deformation 
through the unit is dominantly brittle, with cm to metre scale deformation towards the base of the 
outcrop, and cm to dm-scale in magnitude towards the top of the unit.  The apparent azimuth of the 
decollement across the face is from the NNE to the SSW, with reverse sense of motion creating 
recumbent folds and reverse faulting.               
BEDDING  
The exposed sequence is dominated by ~14 metres of indurated, cliff-forming stratified gravels 
(LFA 1-2), and mixed sands and gravels (LFA 1-1) expressing heterogenous deformation across the 
face (Figure 63 and 64).  The base of the exposed section has 1.4 metres of LFA 1-1, metre-scale, 
subrounded pebble-coarse gravel clasts (with minor cobble), being stratified and imbricated, with 
VFU sand matrix (90:10 to 95:5 clast to matrix).  These units are interbedded with cross-ripple 
laminated, planar bedded, dm-scale thickness sands.  The sand interbeds fine up as a cm-scale Silty 
-VFU ripple laminated unit.  Moving up section, the next three metres coarsens upwards, with a 
sharp transition to LFA 1-2 stratified gravels, metre-scale, gravel to coarse cobble clasts (sparse 
small subangular to sub-rounded boulder), being stratified, massive and imbricated.  Matrix sands 
are VFL – VFU with a 90:10 to 95:5 clast to matrix ratio.  These stratigraphically higher LFA 1-2 
units are also interbedded, but with thicker planar bedded sands expressing a coarsening upward 
profile, rafting granule to gravel clasts as stringers and individual clasts.  The imbrication suggests 
an general northerly flow down valley.  The highest stratigraphic sand bed marks the onset of 
deformation, and expresses the most textural heterogeneity.  The left hand side of the exposure 
holds the most complete and least deformed example of this particular unit.  The bed is composed 
of VFL planar cross-bedded and clean sand. These sands gradually coarsen up through two 
winnowed cm-scale interbeds of imbricated gravel/cobble clasts into a cm-scale clast supported, 
winnowed, granule to fine gravel segment.  Capping this unit is a 20- 30 cm thick sandy (VFL) silt, 
with planar laminated to planar cross-stratified current structures.  Moving up section, a sharp 
unconformity is noted between the silt unit and 1.5 metres of LFA 1-1 stratified sands and gravels 
similar to the LFA 1-1 unit noted below the deformed sand clinoform.  The last 6.3 metres of 
exposure coarsens up from the LFA 1-1 unit to LFA 1-2 stratified gravels and the first consistent 
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appearance of cobble to sparse small boulder-sized clasts.  This LFA 1-2 facies continues into the 
overlying cover.         
FAULTS AND FOLDS 
Recognisable deformation begins at 4.4 metres from the base of the exposed section (Figure 63), 
where gravels apparently disconformably transition to the stratigraphically highest sand bed 
described in the previous section which laterally traverses the entire exposure.    The bed appears to 
have been sheared in an intrabed brittle deformation and interbed ductile deformation into the 
underlying LFA 1-1 stratified sands and gravels, and overlying LFA 1-2 stratified gravels.  There is 
a 10-20 cm thick concentration of coarser clasts (Figures 65 and 66 for deformation summary) 
along the top and bottom bounding surfaces of the sand bed for the entirety of the sand bed across 
the exposure.  Moving SW to NE along the face, the sand unit appears to be sub-horizontal for the 
first two metres of lateral exposure, where it apparently pinches out into the face, reappearing at 
approximately the same datum, two metres further along the exposure.  From this point, bedding 
becomes deflected upward to approximately 15-20° to horizontal for the next 16 metres, deforming 
the overlying sediments (LFA 1-2 stratified gravels) in a similar manner.  Interbed deformation is 
buckled, with kink banded clinoform margins producing intrabed chevron structures at some axial 
fold plane traces.  Several intrabed concentrations of coarser granule to pebble clasts are noted 
throughout the sand bed.   
At approximately 22 metres from the exposure edge and roughly four metres higher than the sand 
units initial datum, the sand clinoform deflects sharply downward to become near-recumbent.  This 
deflection has the effect of shortening the superior LFA 1-2 gravel bed, forcing a deflection of this 
unit as well into the void space created; all internal bedding and current structures are obliterated 
from the sand bed.  The near-recumbent limb deflects back to roughly horizontal, becoming pinched 
under the nose of the LFA 1-2 folded unit, and reappearing ~50 cm laterally along the face as a two 
metre long boudinaged sand unit with internal bedding preserved.  Past this point, it is difficult to 
pick up the trace of the sand unit, being obscured by colluvial cover across the face.  Within the 
hinge of the recumbent fold, a melange of massive sands with gravel to rare cobble/boulder clasts 
has been created from the underlying LFA 1-1 stratified sands and gravels, bound between the 
underlying shear plane/decollement and overlying sand clinoform.  Above the deformed sand bed 
are 3.8 metres of LFA 1-2 stratified gravels, continuing up into a covered sequence.  Deformation is 
reflected up to roughly two metres into the LFA 1-2 gravels, conforming to the trend of the limbs, 
and associated axial plane traces.  Intensity of deformation lessens moving up the exposure, until 
expressions of shear disappear or are limited to slight deviations from parallel bedding reflecting the 
termination of axial plane traces.  Cover continues for approximately two metres, transitioning 
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sharply to a one metre exposure of LFA 1-1.  This narrow exposure is composed of dm-scale 60:40 
matrix supported gravels with apparently rhythmic coarser gravel lags.  A series of blocks of 
vegetated colluvial material obscure the top of the LFA 1-1 unit and the rest of the 10+ metres of 
vertical exposure.           
INTERPRETATION OF SITE 2 
The sediments at Site 2 record advances and retreats of ice occupying the Fern Burn valley which is 
following the interpreted palaeochannel of the Matukituki river, and associated Motatapu tributary.  
The overall pattern is a reverse-graded gravel body, recording aggrading of a pro-glacial braided 
river system down the Fern Burn valley, and a later advance of ice up the valley, over-riding and 
deforming sediments related to the earlier advance.  The primary initial depositional environment is 
fluvial for the first 1.4 metres of exposed section, with LFA1-1 (stratified sand and gravels) 
incorporating localized interbeds of channelized sands.  The first episode of coarsening up is a 
unconformable facies transition from a channelized LFA 1-1 sand to three metres of LFA-2 
stratified gravels and cobble/boulder clasts.  This progression is interpreted as the onset of 
aggradation fan development.  The remaining nine metres of section involves continued deposition 
of LFA 1-2 stratified gravels as an aggradation fan.   
The deformation of the unit, recognised from 4.4 metres from the start of the exposure, through to 
the top of the exposure, suggests that the unit was overridden by ice post-depositionally.  The 
elevation datum of over-riding ice cannot be recognized in the exposed sedimentary record, but is 
considered to be related to the moraines imprinted on the topographic high of Site 2 (and Site 3).   
The macro-scale geometry of the deformation observed in the LFA 1-1 sand unit, specifically the 
ramped sediments dipping up valley, apparent dip direction of the axial trace for the recumbent 
fold, and the trace for tight sympathetic syncline  of the LFA 1-1 stratified gravels, suggests 
movement of ice from Palaeo- Lake Wanaka into the Fern Burn/Palaeo-Matukituki river valley.  
Thickening and thinning of clinoforms is attributed to intrabed flexural slip, with volume 
preservation of sediments accommodated by bed thickening, accompanied by abundant splayed 
accommodation fracturing.  The agglomeration of pebbles noted in the heavily deformed sand bed 
are also considered to be an artifact of flexural slip, producing artificial clustering of coarser 
pebbles. 
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GLENDHU BAY SITE 3 
OVERVIEW 
 
The third site (NZTopo50-Cardrona: CB12 829448) was accessed by driving to a cattle gate access 
point approximately 790 metres SW from the junction of Motatapu road and Wanaka Homestead 
road, then walking west from the gate for 180 metres to the escarpment.  Collectively, the exposure 
involves four lithofacies (stratified sands and gravels, stratified gravels, massive sheared silts, 
meltout till) from three lithofacies association (see Table 8).  The outcrop is dominantly composed 
of metre-scale interbedded stratified gravels and sands (LFA 1-1).   
Two thinner dm-scale sand clinoforms are noted interbedded in the LFA 1-2 stratified gravels, with 
both expressing varying types and intensities of deformation.  The LFA 1-2 stratified gravels 
transition sharply to an LFA 4-1 clast assemblage of boulders and cobbles, which has also 
undergone deformation but to a relatively lesser degree than the rest of the exposure.  The LFA 4-1 
unit unconformably transitions to variably sheared LFA 3-2 massive silts, in turn having an 
unconformable transition to cm-dm scale LFA 7-1 loess.  The loess has a thin soil overprint.  These 
lithofacies are characterized by their repetitive bedding, grain size, and fabric and matrix 
composition.  A summary of the stratigraphy and lithofacies for Site 1 are noted in Figures 67 and 
68. 
Table 8.  Lithofacies associations and Interpretation from the from the Glendhu Station Area 
for Site 3   
 
LFA 1 – Braided 
Stream Facies  
Stratified sands and 
gravels  
(LFA1-1) 
Variably sandy 60:40 to 70:30 clast to matrix ratio, dm-scale, sub-rounded 
to rounded quartz clasts and sub-angular to sub-rounded schistose clasts.  
Medium gravels with minor cobble sized clasts and rare boulders.  Mostly 
clast supported with intergranular rounded to well rounded, silty VFU-FU 
dominantly quartz.  Moderate to strong imbrication.  Sand interbeds are 
planar bedded, slightly micaceous and dominantly fine to medium grains at 
the bottom of the exposure.  Can coarsen up to VCL with VF quartz sand 
matrix.   
Stratified Gravels 
(LFA1-2) 
Moderately well sorted, clast supported, pebble to cobble gravels with rare 
boulders.  Gravels are imbricated.  Beds are dm scale in thickness and 
laterally extensive.  Locally displays reverse grading.  Main outcrop is 
rounded to sub-rounded but coarser units are frequently more angular. 
Interpretation LFA 1 are outwash river gravels, deposited in front of an advancing glacier 
as an aggradation fan.  LFA 7 is colluvial cover either as an apron of 
upsection material or as slump blocks. 
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Cl     Si    Sf    Sm   Sc   Gf   Gc    D
   
  
LFA 2 LF 2-2 
LFA 1 
LFA 4 
LFA 1 
LFA 1 
LF 4-1 
LF 1-2 
LF 1-1 
LF 1-1 
FIGURE 67: Glendhu station: Site 3 - Structural Cross Section. Section suspended from Fern Burn 
base level (bottom of litholog). 
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FIGURE 68: Glendhu station: Site 3.  Photograph locations referencing figures (F1 for Figure 1, 
etc.) and sample provenance for OSL and clastics data. 
 
 
 
 
F69 
F71 
F70 
F72 
and 
F73 
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FIGURE 69: Lithofacies summary for Site 3.  Red lines mark trace of fault plane, with red arrows 
denoting sense of movement along faults along a boudinaged sand bed.  Dashed yellow lines trace 
the trend of sediment deformation across exposure.  The black lines denote measured (solid) and 
assumed (dashed) bounding surfaces defining changes in grain size.  The red area outlines a portion 
of the exposure investigated in higher detail in Figure 70. 
 
 
 
FIGURE 70: Site 3 macroviews on basal LFA 1-1 stratified sands. 
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FIGURE 71: Image of LFA 2-2 sheared unsorted gravels and silts, being a sub-aqueous mass flow 
deposit with a variably sheared overprint.  Dashed yellow lines trace the trend of sediment 
deformation across exposure.  The black lines denote measured (solid) and assumed (dashed) 
bounding surfaces defining changes in grain size.    
 
 
 
FIGURE 72: Colluvial cover on Site 3, displaying shear lineations, pinched out sand beds and 
partial outline of slump block.  Solid black lines denote measured bounding surfaces defining 
changes in grain size.  The dotted red lines are assumed correlations of bounding surface through 
overburden across the exposure.  The dashed black lines follow deformation trends across the 
exposure.  
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FIGURE 73: Displays slump block with staged modern slumping.  Pale yellow are the oldest scarp 
faces and slump blocks, pale green area is the next youngest slump, and pale blue area is the 
youngest slump block identified.  Isolated patches of pale yellow patches are sediments that have 
been plastered to outcropping LFA 1-1 and 1-2. 
 
STRUCTURAL ELEMENTS OF SITE 3  
 
There is very little colluvial cover obscuring the section, being mostly concentrated along the 
bottom and middle of the section. In the approximate middle portion of the exposure is a large 
slump, composed largely of the LFA 1-2 and LFA 4-2 facies, which completely obscures the 
underlying LFA 1-1 basal sands.  Direction of deformation angles up-valley towards the SW.  
Within units deformation is dominantly brittle with an intrabed normal sense of motion, and 
interbed reverse sense of motion.  Ductile deformation is noted within the LFA 1-2 stratified gravels 
and the LFA 3-2 massive sheared silts.  Intensity of deformation increases moving up through the 
unit. The bounding surface for the stratigraphic top of the basal sands can be traced across slump, 
but the LFA 1-2 stratified gravels above the sands for the down valley side of the slump is obscured 
by slumping.  The up-valley portion of the exposure holds the least obscured stratigraphic sequence.  
The exposure, as a whole, has a low angle of apparent dip (<5°) from the SSW to the NNE across 
the face, as well as another dip component into the face at approximately 5-6° to the NW (measured 
in the basal sands).  The basal sands are metre scale and laterally extensive.  The overlying LFA 1-2 
unit appears to have some convolute deformation running through the unit, as well as interbeds of 
dm-scale sand interbeds which either pinch out in the face with no correlating expression looking 
down the exposed face, or are shortened by low angle reverse faulting.  The LFA 4-1 till overlying 
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the stratigraphic top of the LFA 1-2 stratified gravels is metre-scale and undergone minor 
deformation with mild bed shortening.  The LFA 3-2 sheared massive silts unconformably 
transitioning from the LFA 4-1 till, where it is dominantly massive with subordinate darker silt 
towards the top of the unit with anastomosing sheared silt and sand layers.          
BEDDING 
The exposure starts above roughly 1-2 metres of variably vegetated and colluvial cover.  Attempts 
at trenching through the thinnest portions of the cover exposed quartz rich and micaceous sands 
almost to base level (relative to the Fern Burn).  The first 4.2 metres involves thick basal sands 
(Figure 69 and 70), of which 2-3 metres are observed having hummocky cross-stratified to planar 
cross stratified current structures.  The sediment has been differentially ferruginized, indurating 
several swales and planar current features in the section.   
From these indurated planar features, an apparent dip direction and dip were measured as between 
296° and 306°, and between 5 to 6° (respectively).  The hummocks have a wavelength of 50-70 cm 
and amplitude of 7-9 cm.  The last approximately 0.5 metres of the sand unit have a noted decrease 
in sand grain diameter, and an increase in the silt fraction and mica content.  There is a drop in 
magnitude of amplitude and wavelength for a weakly developed swaley cross-bedded current 
structure assemblage within the first 5-10 cm, which transitions sharply to climbing ripples for 
approximately 15 cm (15 cm wavelength, 2 cm amplitude and 2° climb), and in turn sharply 
transitions to planar laminated bedding for 25-30 cm.  Moving up section are 3.5 metres of LFA 1-2 
stratified gravels, composed of subrounded pebble-coarse gravel clasts (with minor cobble), being 
stratified and imbricated, with VFU sand matrix (95:5 clast to matrix).  These units are interbedded 
with a cross-ripple laminated, planar bedded, dm-scale, silty VFL micaceous quartz sand.  Internal 
bedding appears to be lamellar to cm-scale planar, but varying degrees of deformation have 
distorted internal bedding structures.  The LFA 4-1 meltout till is deposited unconformably upon 
the stratigraphic top bounding surface of the LFA 1-2 stratified gravels, being roughly one metre in 
thickness.  Grain sizes are dominated by cobble to boulder with sand and gravel matrix.  The 
lithologies include meta-greywackes having variable schistosity, quartz vein material and schist.  
The larger boulder clasts are sub-angular to angular, with a general increase in sphericity and 
roundness with decreasing grain size.  This unit is also deformed.  The LFA 4-1 facies grades 
sharply to a short interval of roughly 0.8 metres of LFA 1-2 stratified gravels, which in turn is 
capped by 3 metres of LFA 2-2 massive sheared sub-aqueous mass flows (Figure 71).   
The silts for the first 2.5 metres are of a dark brownish blue silty to sandy mud with sparse sandy 
stringers and pods.  The sandy stringers are of mm-scale, with quartzose and schistose lithologies, 
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with grain sizes ranging from FU-ML.  The sandy pods are of the same size/shape/lithology but 
with gravel to cobble clasts associated with them.  The last approximately 0.5 metres of clay 
becomes dark greenish grey, convoluted and interbedded with sands of the same signature as noted 
in the lower portion of the LFA 3-2 unit.  The top of the section is capped with rough 0.3-0.5 metres 
of yellowish brown silty VFL sand which has an overprinted soil profile and is intensely vegetated.                  
FAULTS AND FOLDS 
The basal sand unit has several intrabed normal faults running through the sands with cm to dm-
scale offsets.  Sparse flame structures are noted in the upper portion of the basal sands, with cm-
scale deformation.  Moving up section, the LFA 1-2 stratified gravels are slightly convolute with 
cm-scale amplitudes identified from re-alignment of clast b-axes.  The sand clinoform interbed 
within the lower portion of the LFA 1-2 stratified gravels has been shortened through development 
of low angle reverse faults, resulting in detachment of the hanging wall/foot wall with an 
intervening LFA 1-2 component.  Intrabed bedding and current structures are either obliterated or 
heavily convoluted, with preservation of relict structures towards the middle of the sand body.  A 
second possible sand unit is identified near the stratigraphic top of the LFA 1-2 stratified gravels, 
being heavily sheared and anastomosing.  The unit appears to have no internal bedding or current 
structures, evolving into a thin sand stringer until pinching out.  Several pods of similar sands 
within roughly 0.5 vertical metres of one another appear to be boudins of the relict sand bed, but 
shearing has appeared to have removed the relict bed.  The LFA 4-1 meltout till has overall 
undergone negligible lateral shortening due to convolute bed deformation, but has undergone local 
in situ clast rotation and artificial imbrication.  The short sub-metre LFA 1-2 interval which 
intervenes between the meltout till and stratigraphically superior LFA 3-2 massive sheared silts 
appears to be largely intact.  The massive sheared silts have undergone curvilinear ductile 
deformation, with failure planes demarked by relict and dismembered silty sand laminae.  The last 
0.5 m of darker LFA 3-2 has strongly curvilinear deformation, as well as what appears to be either a 
sand escape structure or an example of a frost wedge pseudomorph.  The exposure has been 
subjected to modern slumping in a ductile manner (Figure 72 and 73).  It has pulled a large portion 
of the LFA 4-1 meltout till down section essentially intact, as well as a 2+ metre diameter angular 
boulder of meta-greywacke.          
INTERPRETATION OF SITE 3 
The sediments at Site 3 record advances and retreats of ice occupying the Fern Burn valley which is 
following an interpreted palaeochannel of the Matukituki river.  The overall pattern is a high flow 
regime sand body being overrun with a reverse-graded gravel body, recording subsequent aggrading 
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of a pro-glacial braided river system down the Fern Burn valley.  There are two advances recorded, 
with the first depositing a thin meltout till, and a second more extensive advance which produced 
the deformation observed in the LFA 3-2 lithofacies.  Both of these advances are interpreted to have 
moved up valley off of Palaeo Lake Wanaka.  The primary initial depositional environment is 
fluvial for the first nearly seven metres of exposed section, with the deposition of the channelized 
sands and later stratified gravels.  The bedforms towards the base of the sands suggest a critical to 
supercritical flow regime, which begins to drop off with migrating/aggrading sands interpreted from 
the climbing ripples, to a further drop in current energy illustrated by the deposition of finely planar 
bedded very fine silty micaceous sands.  The first episode of coarsening up is a unconformable 
facies transition from the thick basal channelized LFA 1-1 sand to nearly three metres of LFA1-2 
stratified gravels and cobble clasts.  This progression is interpreted as the onset of aggradation fan 
development.  Further aggradation was halted by the earliest of the two advances, recorded by the 
deposition of the LFA 4-1 meltout till created by retreating ice lowering supraglacial material to the 
bedload.  The sand interbed towards the base of the LFA 1-2 stratified gravels has been sheared and 
undergone low angle reverse faulting.  This sense of motion coincides with what is observed at Site 
2, and it is believed that the deformation observed at both Sites 2 and 3 is contemporaneous, being 
caused by the same episode of ice advance up-valley from Palaeo-Lake Wanaka.  The apparent 
decollement datum in Site 3 is considered to be close to the underside of the lower bounding surface 
for the reverse faulted sand interbed within LFA 1-2.  The transition to a dominantly fluvial 
depositional environment is recorded by the sub-metre LFA 1-2 gravels on top of the LFA 4-1 till.  
The sharp and unconformable transition to sheared massive silts of LFA 2-2 are interpreted as being 
generated by deposition of sub-aqueous debris flows into a moraine dammed lake blocking drainage 
from up the Fern Burn catchment.  The deformation noted in this unit is considered to be evidence 
of a small ice readvance off of Palaeo-Lake Wanaka up valley, over-riding LFA 3-2 massive 
sheared silts.  The large angular boulder positioned on top of the slumped LFA 4-1 till is believed to 
be a later relict LFA 4-1 meltout till, having been transported downslope on top of the slump block.  
The loess profile capping the LFA 3-2 massive sheared silts is aeolian, recycling autochthonous 
silts and sand.  
Discussion for the Results of the Wanaka Study Area 
The exposures described in the results record up to three episodes of glacial advance/retreat at 
Beacon Point, a single episode at Kirimoko, and two episodes in the Glendhu field area.  This 
section discusses the evidence for these episodes by determining the robustness of available 
geochronology, and examining the higher order stratigraphic bounding surfaces, glaciotectonic 
features, and depositional styles that define the movement of terrestrialized and non-terrestrialized  
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 FIGURE 74: Sequence Stratigraphy for the Beacon Point sections. 
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FIGURE 75: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green mark) during the Wanaka Oscillation 1 
Advance (corresponds to Beacon Point Glacial Advance 1).  Assumptions are made for ice thickness, lake levels and fluvial incision, with some 
account of topographic influences taken.  A:  Development of delta.  B: Lake Wanaka ice advances downward towards the Wanaka/Clutha 
confluence, causing the lake level to rise.  C: Palaeo-Lake Wanaka glacier advance over the site. 
A B C 
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FIGURE 76: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green mark) during the Wanaka Oscillation 1 Retreat, 
and the Wanaka Oscillation 2 Advance/Retreat (corresponds to Beacon Point Glacial Retreat 1, and Glacial Advance/Retreat 2).  Assumptions 
are made for ice thickness, lake levels and fluvial incision, with some account of topographic influences taken.  A. Retreat of ice back from the 
Wanaka/Clutha confluence, with Clutha river dammed by outwash.  B: Lake Wanaka ice advances over top of lacustrine sediments.  C: Palaeo-
Lake Wanaka glacier retreats up-valley without apparent further advance, leading to the development of Gully 3 incision and Clutha drainage. 
LEGEND 
Alluvial sands and gravels        Lake water   Palaeo-Wanaka glacial ice       Fluvial channels 
Lacustrine silts 
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FIGURE 77: Relative ice positions for Beacon Point (red mark) and Kirimoko Crescent (green mark) during the Wanaka Oscillation 3 
Advance/Retreat (corresponds to Beacon Point Glacial Advance/Retreat 3, and Kirimoko Crescent Glacial Advance/Retreat).  Assumptions are 
made for ice thickness, lake levels and fluvial incision, with some account of topographic influences taken.  A. Ice begins to advance back down 
Lake Wanaka, developing a broad outwash.  B: Lake Wanaka ice advances over top of the outwash gravels.  C: Palaeo-Lake Wanaka glacier 
retreats up-valley, with development of recessional moraines at Kirimoko Crescent. 
LEGEND 
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glacial ice for the Wanaka basin.  After defining the advance/retreat episodes and the benchmarking 
of ages, glacial events at all three sites will be correlated for a regional chronostratigraphy, first for 
the Wanaka basin, and then into the context of glaciation in New Zealand.   
BEACON POINT 
BASAL GRAVELS 
A summary of the correlative sequence stratigraphy is provided in Figure 74  The basal unit across 
all three sites at Beacon Point are the lowermost gravels exposed at Gully 1.  These gravels lie 
underneath the delta at Gully 2, and fit within a Scott to Trollheim hybrid braided river gravels as 
described by Miall (1978).  The lower-most dated sand from the delta in Gully 2 was 60.6 ± 8.6 ka, 
from which we can assume the underlying gravels are older.  A speleothem chronology from Lake 
Te Anau in the Fiordland (Williams, 1996) has recorded seven glacial advances within the last 230 
ka, associating speleothem accretion with glacial advance.  If the gravels are immediately deposited 
before the delta, they may coincide with the onset of an interstadial, recorded in Aurora cave 
(Williams, 1996) where a set of flowstone radiogenic dates bracket ages between circa 66.0 ± 2 – 
61.4 ± 2.7 ka (intervening incision and glaciofluvial deposition), and 58.7 ± 3.2 ka.  This unit is 
interpreted as a braided river gravel, deposited within the outwash head associated with a non-
glacial period.  This gravel lies inside, and may post-date, the Albert Town moraines, which are 
attributed to MIS 4 (Thomson, 1999).  There appears to be no evidence of ice over-riding the 
gravels, which puts the ice position further up the Lake Wanaka catchment.     
GLACIAL ADVANCE 1 
In Gully 2, the transition between deposition of the basal aggradation gravel and the onset of deltaic 
bottom sets marks the base level for a palaeo-Glacial Lake Wanaka (see Figure 75).  As the only 
outflow for the Wanaka catchment is the Clutha River, glacial ice would need to have advanced 
down Lake Wanaka to the Wanaka/Clutha confluence.  As accommodation space in this part of the 
lake fills in, there is a transition from bottom sets to foresets and finally to top sets.  The topmost 
foresets become truncated by braided river gravels, denoting a subsequent rise in base level.  The 
sequence of finer-grained bottom sets, coarser grained foresets and braided river gravels are 
consistent with a Gilbert-type delta sequence, as described by Hyatt et al. (2012) for similar 
deposits in the Bayfield exposure within the Rakaia valley.  The ice then readvances, raising the 
lake level with ice proximal deposition of sub-aqueous debris flows.  The mass flow deposits could 
be interpreted as being emplaced during ice advance or retreat, in both cases in accommodation 
space beside or below the glacier.  However, intense deformation of stratigraphically lower sub-
aqueous debris flows recorded in Gully 1 indicates an episode of ice over-running the Beacon Point 
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site.  As the outcropping of sub-aqueous mass flow is stratigraphically higher in Gully 2, and at 
equivalent lower elevations in Gully 1 and Gully 3, it is suggested the mass flows were deposited 
within a submerged palaeo-channel.  The thickening of the lower Gully 2 sub-aqueous mass flow 
towards the NW is considered to be a function of the palaeo-channel morphology, thinning with the 
loss of accommodation space as the palaeo-channel is filled towards the SE.  
Several cm to dm-scale normal faults are noted, penetrating into the underlying gravels but 
terminate at the gravel/debris flow interface.  The mass flow unit in Gully 2 is truncated by an 
erosional unconformity and topped with a thin beach gravel.  The erosional unconformity is 
genetically related to the advance.     
GLACIAL RETREAT 1  
Ice retreat is determined to be recorded in the sediment record in Gully 2 with beach gravel 
development, recording a palaeo –shoreline.  This coupling of erosion and shoreline development is 
not noted in Gully 1 (the equivalent stratigraphic horizon records lacustrine rhythmites) or Gully 3 
(the equivalent stratigraphic horizon records stratified sands and gravels).  As ice pulls back up the 
valley, accommodation space is created, allowing for the development of a thick lacustrine 
sequence of rhythmites within a relatively small restricted lake basin (Figure 76).  It can be 
interpreted from the preservation of rhythmites that the lake was quite deep, probably greater than 
about 10 metres (Sinclair, I.R. and Smith, I.J.; 1972).   
It is suggested that the higher lake level remains intact, due to the retreating glacier depositing an 
outwash fan at the head of the Clutha/Wanaka confluence, effectively stopping drainage or reducing 
flow to a very low level.  The style of glacial retreat has ice retreating quickly, which requires an 
obstruction to sit at the Wanaka/Clutha confluence.  There is no evidence suggesting a differential 
rate of ice retreat between Wanaka ice and other ice streams (i.e. Matukituki), which might have 
provided an alternate method of damming Wanaka drainage.  This mechanism of lake damming via 
outwash fan is observed at modern lakes in New Zealand, such as Lake Pukaki (Evans et al., 2013), 
Lake Ohau (Rother et al., 2014) and Lake Tekapo (Maizels, 1989).  The modern Clutha river incises 
through an older alluvial fan immediately to the SE of the Wanaka/Clutha confluence, and it is this 
fan that is presented as the best candidate for the damming of Lake Wanaka during deglaciation.   
GLACIAL ADVANCE 2 
After a period of apparently steady lacustrine sedimentation, glacial ice begins to advance back up 
the Wanaka catchment, but is characterized by ice advancing through the lake with a submerged 
grounded margin (Figure 76).   In the model for this second glacial advance, ice advances over the 
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lacustrine sediments while they are still water saturated, creating both ductile and brittle 
deformation with dominantly reverse sense of motion.  There is less deformation towards the top of 
the lake beds, indicating that the ice contact surface occurs within the lake beds at ca. 30 metres 
above base in modern lake level in Gully 2.  The mechanism driving the glaciotectonism observed 
in the lacustrine sediments is interpreted to be due to ice overrun.  This scenario glaciotectonic 
disturbance of ice over-run lacustrine sediments is recognised by Hyatt et al. (2012), as well as in 
exposures along Lake Pukaki by Evans et al. (2013).  
GLACIAL RETREAT 2 
The reappearance of undisturbed lake beds above the deformed lake sediments indicates the re-
establishment of a proglacial lake and requires at least a local retreat.     
In Gully 3, the lake sediments are represented by 1-2 metres of outcrop, then transition to 
aggradation gravel of Scott to Trollheim-type deposits (Miall, 1978).  These gravels are interpreted 
to have occupied a palaeo-valley incised into the lacustrine sediment during base level drop 
recorded by the cessation of lacustrine sedimentation, which is related to the incision of palaeo–
Clutha river into the outwash head blocking drainage down the Clutha river valley.  Imbrication of 
the gravels is towards the NNW and NNE.  The most likely explanation for this thick stratified sand 
and gravel deposit is the development of a side channel from the Clutha, which has incised into the 
lake sediments towards the transition between lacustrine and fluvial deposition.  The incision of the 
lake beds in Gully 3 demonstrates a significant base level drop, and consequently a significant ice 
retreat. 
GLACIAL ADVANCE 3 
After the base level drop, aggradation gravels develop through all three gullies (Figure 77).  There 
is a localised thin (one metre) debris flow emplaced in Gully 3, but this is interpreted as a mass flow 
down the river channel and not a major change in depositional environment.  In Gully 1 there is an 
interbed of sands near the top of the underlying lacustrine deposit.  These sands were sampled for 
luminescence dating, yielding an age of 32.1 ± 5.7 ka.  This age represents a maximum age for a 
third glacial advance.  The aggradation gravels continue to accrete, until a sharp change in grain 
size and depositional energy records the deposition of a ~0.5 metre sand bed, which was also dated 
using OSL, but yielded an anomalously young age.  The top contact of the aggradation gravel with 
the overlying sub-aqueous debris flow marks the ice contact surface for this advance. This 
uppermost mass flow sequence is only represented in Gully 1, being deposited as a function of 
Clutha drainage being blocked, creating a new high lake base level, providing accommodation 
space and allowing the emplacement of sub-aqueous mass flows as ice moves proximally to this 
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point.  This unit may represent either an advance or a retreat but given the thickness and 
pervasiveness (4 m) it is more likely to be deposited into a proglacial lake during ice recession. 
There does not appear to be any deformation near the top of the diamicton. 
On top of the debris flow is an agglomeration of angular boulders and gravels/cobbles which is 
interpreted to be a glacial melt-out till.  Although a feature of retreat, it also allows for the 
interpretation that ice completely over-rode this area in order to allow the emplacement of the melt-
out till.         
GLACIAL RETREAT 3        
Retreat is represented by the emplacement of supraglacial material as a meltout till deposit.  The 
deposit is unsorted, with angular boulders, and gravel to cobble clasts.  The boulders are meta-
greywacke and micaceous schist, which would have fallen onto the glacier surface as ice was 
moving adjacent to exposed outcrops hosting these lithologies. The deposition of this angular gravel 
could be through regional ice wasting or as a crevasse fill deposit. Both mechanisms suggest ice 
thinning and retreat. 
DISCUSSIONS OF THE RESULTS FOR THE KIRIMOKO CRESCENT STUDY AREA 
 
FIGURE 78: Google Earth image of recessional moraines centred upon Kirimoko Crescent 
(Google Earth, 2015). 
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Kirimoko Crescent Site 
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GLACIAL ADVANCE 
 
Kiromoko Crescent is stratigraphically above the uppermost units at Beacon Point. As such it 
represents the last phase of activity in this area.  The morphology of the outcrops indicates a series 
of recessional moraines and marginal drainage channels and the sedimentology is consistent with a 
late stage re-advance in the Beacon Point area. From dip directions taken from fold limbs within the 
intensely deformed beds at Kirimoko, ice over-rides the area in an apparent ENE direction coming 
from Bremner Bay (Figure 77).  The intensity of plastic deformation observed suggests the 
sediments were water saturated when over-ridden, and is interpreted as evidence for near 
syndepositional deformation.  OSL dating yielded an age of 11.0 ±1.7 kyr for this ice advance but 
this age is treated with extreme caution as it would imply the very late survival of ice this far down 
the Wanaka/Clutha drainage and is inconsistent with down lake ice-positions in Lake Pukaki 
(Schaefer et al., 2006), Lake Ohau (Putnam et al., 2010b) and the Rakaia (Shulmeister et al., 
2010b). 
GLACIAL RETREAT  
Ice retreating back into the Wanaka catchment is recorded by a series of recessional moraines that 
cap the outcrop at Kirimoko Crescent (Figure 78). They can be linked to the meltout till on the top 
of the section in gully 3 at Beacon Point.  A thin deposit of well sorted silts on the surface of the 
outcrop is interpreted as loess.  Quartz-mica schist boulders that crop out through the loess are 
considered to be supraglacial meltout. 
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DISCUSSIONS OF RESULTS FOR THE GLENDHU BAY STUDY AREA 
Glendhu  
Site 2 
Glendhu Site 1 
Glendhu  
Site 3 
FIGURE 79: Geomorphic map of Glendhu Station area with marked meltwater channels and palaeo-
lake margins for glacial Lake Wanaka. 
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FIGURE  80: Sequence Stratigraphy for the Glendhu Bay Sections. 
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FIGURE 81: Relative ice positions for (green mark) during the Wanaka Oscillation 2 and 3 Advance/Retreat (corresponds to Glendhu Bay 
Glacial Advance/Retreat 2 and 3).  Green dots are Sites 1 through 3 (north to south, respectively).  Assumptions are made for ice thickness, lake 
levels and fluvial incision, with some account of topographic influences taken.  A. Ice advances down the Motutapu tributary of the Matukituki 
river, as well as down the Wanaka catchment and advances up Glendhu Bay/Fern Burn catchment.  B. Both the Matukituki and Wanaka ice 
flows retreat back down their respective catchments –the proglacial lake is assumed by considered to be highly likely.  C. Ice readvances during 
the Wanaka Oscillation 3 phase, with discreet proglacial lakes appearing along the Wanaka glacier margin.  D. Wanaka glacier retreats well into 
the catchment, with active delta formation occurring within Glendhu Bay. 
LEGEND 
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DISCUSSIONS OF THE RESULTS FOR THE GLENDHU BAY STUDY AREA 
GLACIAL ADVANCE I 
Sequence Stratigraphy is summarized in Figure 80, with a geomorphic map (Figure 79) illustrating 
meltwater channels discussed below.  Figure 81 gives summary illustrations for the relative 
placement of ice.  The lowermost gravels in Sites 2 and 3 are interpreted to have been transported 
by glacial meltwater coming out of the NE/SW trending palaeo-Matukituki river (modern Fern 
Burn channel) and the modern Matukituki catchment, based on fabric analysis and increased 
metamorphic rock heterogeneity (common low thermal hornfels, meta-greywacke and higher grade 
greenschist metamorphic facies rocks).  The provenance for the higher grade metamorphic rock is 
located up drainage along the arm of the modern Matukituki River, with the rest of the Lake 
Wanaka catchment being seated within bedrock that is of a lower metamorphic grade (see Fig. 2).  
Ice sat in both the main Matukituki Valley and extended from the Matukituki, south through the 
catchment of the Motutapu river tributary, into the top of the Fern Burn drainage.  Thus the 
aggradation gravels represent flow down the Fern Burn from a Matutuki source.  An OSL sample 
was taken from a deformed sand bed in Site 2, yielding an age of 27.7 ± 4.7 ka. This age provides 
some constraint on the timing of aggradation, but is inconsistent with the age of the delta (see 
Glacial Retreat 2 below) and I regard this as a likely minimum age. 
The ice contact environment is defined by a zone of deformation in the gravels. Deformation in 
these basal units is strongest down valley at the Lake Wanaka end and diminishes rapidly up-valley.   
This indicates that the ice advance that deformed these gravels was sourced out of Lake Wanaka 
and flowed up the Fern Burn Valley. 
GLACIAL RETREAT 1 
An angular boulder unit that crops out approximately two-thirds up the face in Site 3 is interpreted 
as supraglacial melt-out till as the ice retreated down valley, back into the Lake Wanaka catchment.  
There is an absence of a sedimentological or glaciotectonic signal related to ice retreat in Site 2. 
GLACIAL ADVANCE 2 
A second ice advance is recorded in site 2 by the development of aggradation gravels at the top of 
the section above the deformed sediments. The development of a pro-glacial lake with flows 
deposited in it at the top of site 3 shows that water was trapped upstream of site 2 and is interpreted 
to represent waters coming down the Fern Burn / palaeo-Matukituki abutting against an ice front.  
The plastic deformation imprinted in the Site 3 diamicton is indicative of ice over-running up the 
Fern Burn catchment to at least the Site 3 position.   
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GLACIAL RETREAT 2 
The retreat of ice back towards Lake Wanaka is represented by the development of the Gilbert-style 
delta that composes Site 1.  Geomorphologically, the retreat of ice is well represented by the 
incision of outwash channels along the margins of recessional moraines formed on the surface of 
the fan head, progressing en echelon back towards Lake Wanaka (See Figure 79).  After ice has 
retreated off the terrace and retreats further into the Lake Wanaka catchment, the formation of the 
delta at site 1 began, with an age of early delta progradation, and associated ice retreat (by proxy) of 
ca. 28-30 ka from the OSL-dated horizon.  A continued drop in lake level is recorded in raised 
beach lines directly south of the delta and to the east near the Wanaka Homestead, as well as an 
incised terrace around the southern edge of the Glendhu bluff above Parkins Bay along the Wanaka-
Mt. Aspiring Road (see Figure 79).  
CORRELATIONS BETWEEN THE WANAKA SECTIONS 
The three sections examined (Beacon Point, Glendhu Bay and Kirimoko) constitute four phases of 
ice advance and retreat over the last 60 + ka (MIS 4) to the LGM (21 ka -17 ka).  Gully 2 in Beacon 
Point contains the most complete record, with three cycles of advance and retreat.  Glendhu 
contains the correlates of the younger two advances at Beacon Point, and Kirimoko Crescent 
contains a single younger advance.  The first glacial advance dates to younger than ~42 ± 7 ka.  The 
second regional advance - retreat cycle can be correlated between Beacon point and Glendhu Bay, 
being younger than ~42 ± 7 ka and older than ~32 ± 5 ka.  The third regionally correlatable advance 
- retreat cycle is younger than ~32 ± 5 ka recorded within the upper part of the Beacon Point Gully 
1 section, and older than the ~29 ± 5 ka age taken from the Glendhu Site 1 delta exposure.  The 
fourth regional advance is correlatable with Beacon Point, as Kirimoko Crescent outcrops overlie 
the Beacon Point sequence. Provisionally, the date taken from Kirimoko has ice advance through 
the area for shortly before 11.7 ± 1.6 ka.  The validity of this date will revisited in the island-scale 
correlations between the Wanaka regional study sites and those across South Island, NZ.  These 
correlations are summarized in Figure 82.   
It is acknowledged that the undescribed geographic distances between the Beacon Point and 
Glendhu Bay sites, as well as age errors due to the plasticity of OSL dates around the true 
chronological age, allows for the strong possibility of lithostratigraphic and chronostratigraphic 
correlation errors.   
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FIGURE 82: Correlation of Wanaka Advances Across the Three Study Areas 
Sub-aqueous mass flow 
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SOUTH ISLAND SCALE REGIONAL RELATIONSHIPS WITH WANAKA SITES 
As previously examined, there was very little chronological control for glaciation in the Wanaka 
area.  The present understanding of ice advance through the Wanaka basin, and southward through 
the Clutha valley is based upon mapping accomplished by Thomson (1999, 2000).  A heuristic 
approach is taken by Thomson in using the outwash terraces, moraines and meltwater channels to 
construct the maximum advances for glaciation in the area back to MIS 16.  The timeline described 
here for ice advance and retreat in the Wanaka area for the past 60 ka years is constructed from age 
brackets, relying on OSL dating, and constitutes the first comprehensive attempt to directly date 
glacial advances in the Clutha system.  The careful use of glacial sedimentology in conjunction with 
the luminescence dating allows for reasonable constraint of four glacial events in the last glacial 
cycle.  By combining these results with data from other localities across  South Island, where a 
range of dating techniques have been employed to acquire specific ages to ice contact features (ie 
moraines), this study can be placed in the context of rapidly developing chronological control of 
glaciation in South Island, New Zealand. 
The Aurora cave in the Te Anau area (Fiordland) was analysed by Williams (1996) who determined 
a series of glacial events based on U/Th dates and the relationship between speleothem formation 
and glaciofluvial gravels in the cave.  This has been re-examined by Williams et al, (2015), using a 
more accurate technique to determine uranium series isotope ratios (based on isotope-ratio mass 
spectrometry in place of alpha counts).  This was coupled with 
10
Be cosmogenic ages of boulders 
on moraines from Fink et al., (2006).  Advances were recognised at ~48 ka and ~40 ka (from 
Williams, 1996) from speleothem-associated sediments deposited in the cave.  The ~40 ka date 
lines up well with Wanaka Advance 1.  Recently Kelley et al. (2014) have identified a c.42 ka 
moraine ridge at Lake Pukaki which is also consistent with an advance at about this time.   
The interval described as the Moerangi Interstadial (37 ka-33 ka) at Te Anau brackets what is 
recognised as the period of the Wanaka Advance 2 (between ~42 ± 7 ka and ~32 ± 5 ka), which is 
unexpected, but there are unpublished glacial advance ages at 36 – 38 ka in the Rakaia 
(Shulmeister, pers. comm. 2015).  The most resolved age including redated speleothems (33.43 ± 
0.13 ka) coupled with cosmogenically dated boulders (32.52 ± 0.97 ka), is for the onset of Last 
Glacial Maximum around Te Anau.  This age is a very close match to the luminescence age 
assigned to the onset of Wanaka Advance 3 (32.1 ± 5.7 ka).  The age of the Wanaka Advance 3 
event is consistent with the regional glacial chronology. 
Looking further north and east is the Rangitata Valley, located in South Canterbury.  The 
Clearwater and Heron glacial lobes within the valley were examined by Rother et al. (2014), in an 
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attempt to acquire a high resolution timeline from the onset of the LGM, and to have a rigorous 
chronology to compare with Southern Hemisphere and Northern Hemisphere sites.  At this location, 
the glacial maximum was achieved shortly before 28 ka, which fits very well with the Wanaka 3 
advance.  The 4th advance is undated, but is considered to be less than c. 28 ka.  At most sites in the 
Southern Alps, there is a stillstand (or readvance) recognised at the global LGM (c. 21 – 17 ka).  
This includes Lake Ohau (Putnam et al., 2010), Lake Pukaki (Schaefer et al., 2006), the Rangitata 
(Rother et al., 2014), and the Rakaia (Shulmeister et al., 2010b).   There is also evidence for glacial 
advances in the Tararuas in North Island, New Zealand at this time (Brook et al., 2009).  Though 
the age is unsecured, it is highly probable that the last major phase of glacial activity coincides with 
the LGM.   
In summary, this thesis has presented evidence for two glacial advances which are already well 
known.  Specifically, the local NZ LGM advance that occurred somewhere between c. 35 – 28 ka 
(Barrell et al., 2013), and for an advance that is most likely the global LGM at c. 21 – 17 ka.  The 
thesis has also provided clear sedimentological evidence for two earlier advances during MIS 3.  
The younger of these advances appears to be showing up in a number of systems in New Zealand, 
but the older has only had indirect evidence for its existence to this point in time.  What is apparent 
from these records is that the lower part of Lake Wanaka has been occupied by ice on numerous 
occasions in the last glacial cycle.  The simple concept of glacial advances during stadials (MIS 2 
and MIS 4) is not sustainable.  We need to develop models to explain glacial advances that do not 
harmonize with the Northern Hemisphere ice sheets.  One model that has been proposed 
(Vandergoes et al. 2005) is that glacial advances in New Zealand may coincide with insolation 
minima in the Southern Hemisphere.  This may explain the c. 30 ka advance, but cannot explain the 
oldest advance.  New hypotheses are needed for testing.   
CONCLUSIONS 
This thesis explored the southern margin of Lake Wanaka, New Zealand for sedimentological 
evidence that would increase the resolution of the glacial record for the Clutha area.  The result has 
been the identification of four glaciations in Wanaka basin, based on rigorous sedimentological 
studies, and a geochronology that models the four episodes of advance and retreat as occurring 
during MIS 3 and up to the global LGM for Lake Wanaka.  This work allows a good correlation 
between the SE Beacon Point and SW Glendhu Bay sites covering most of the southern margin of 
Lake Wanaka.  The model also matches well in terms of glacial timing with what has been observed 
at sites across South Island, New Zealand.  Four glaciations were recognised in the latter half of the 
last glacial cycle, each comprising an advance and retreat phase.  The record begins with the 
identification of a braided river gravel, with a minimum age of 60.6 ± 8.6 ka age taken from bottom 
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sets of a delta deposited directly upon the gravels.  The gravels give a minimum age for deglaciation 
in the Clutha/Wanaka catchment after the end of MIS 4.  The earliest glacial advance (Wanaka 
Advance 1) occurred at or just after 41.9 ± 7.6 ka, with ice advancing through Glacial Lake Wanaka 
beyond Beacon Point position where it is identified in section based on deformation of underlying 
beds.  This ice retreated after the 42 ± 7 ka age but well before 32 ± 6 ka.   A series of  ca. ~42 ka 
ages from a Lake Pukaki moraine (Kelley et al., 2014) fits well with what is described at Beacon 
Point for Wanaka Retreat 1.  The second advance (Wanaka Advance 2) is considered to have 
occurred before 32 ± 6 ka, and may correspond with an unpublished advance in the Rakaia at c. 38 
ka.  This glacial event terminated before about 32 ± 6 ka.  The sedimentology demonstrates ice 
over-running lacustrine sediments at Beacon Point, and as terrestrialized ice moving up the Fern 
Burn fan at Glendhu.  The immediate post 38 ka period has been identified as an interstadial based 
on U/Th ages of speleothems from Aurora cave in Fiordland.  This interstadial is believed to 
constrain the retreat of this glacial pulse.  The onset of Wanaka 3 Advance is well constrained by 
the ~32 ± 6 ka OSL age in aggradation gravels at Beacon Point, which mark the onset of glacial 
advance down Lake Wanaka. The retreat of this ice is defined by the age of the delta that formed at 
Glendhu when ice retreated into the Wanaka basin at 29 ± 5 ka.  The Wanaka Advance 3 phase 
seems to fit well with the local New Zealand glacial maximum (Willliams et al., 2015).  The last 
glacial advance (Wanaka 4 Glaciation) is represented at Kirimoko Crescent with near 
syndepositional ice overriding lacustrine sediments. An age taken from within deformed sediments 
at the site yielded an age of 12 ± 2 ka, which is too young for the LGM, but contextually this 
advance is consistent with a minimum-limiting advance in New Zealand.                        
IMPLICATIONS OF THE FINDINGS  
The findings of this study challenges the validity of the Thomson (1999) model of maximum ice 
advances through the Clutha area essentially based solely on geomorphologically defined ice limits.  
In particular, it highlights that the glacial history is much more complex than can be defined by 
surface features alone.  It indicates that ice has extended far down the Wanaka / Clutha system on 
many occasions during the late Quaternary.  For what is observed in the sedimentological record at 
Beacon Point and Glendhu, ice has occupied the area for much of the time from approximately 40 
ka through to the end of the LGM.  During the period between 60 ka and 40 ka, a period of 
approximately 20 ka ice was further up the Lake Wanaka catchment.   
The Wanaka 3 Advance is both well constrained chronologically and well defined 
sedimentologically. It represents the NZ local LGM. The global LGM advance is believed to be 
recorded at Kirimoko Crescent, but is poorly age constrained.  These patterns observed in the 
Beacon Point and Glendhu outcrops confirm what has been resolved in the glacial records from 
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localities across South Island, NZ.  These two advances are clearly representing island-wide 
climatic signals.   
The Wanaka 2 Advance between 42 ± 7 ka and 32 ± 6 ka is not recorded in the Aurora Cave 
sequences by Williams (1996).  In fact, this time interval is largely attributed to an interstadial in 
that record (Williams et al., 2015).  The age may relate to an unpublished glacial advance in the 
Rakaia (Shulmeister, pers. comm., 2015) at 38 – 36 ka.  The recognition of this advance in Wanaka 
may indicate that there is a major glacial event at this time in New Zealand, but further 
corroboration is required.  If this event is regional, it coincides with neither Northern Hemisphere 
advances nor Southern Hemisphere insolation.  The cause of this advance is therefore unknown.   
The Wanaka 1 Advance at Beacon Point holds a stratigraphic record for a poorly resolved advance 
that occurred shortly after 41.9 ± 7.6 ka.  This event is independently recognised by Williams et al. 
(1996) from glaciofluvial deposits in the Aurora cave that were deposited between 40 – 38 ka, and 
from 
10
Be cosmogenic exposure ages from boulders on several moraine ridges at Lake Pukaki (~42 
ka) by Kelley et al (2014).  This appears to be an important South Island – wide advance that is not 
well represented in the New Zealand record.  The advance is not related to known major advance in 
the Northern Hemisphere, but Kelley et al (2014) can date this advance to a stadial in the Antarctic. 
In addition to the findings on the timing and scale of glaciation, this thesis also highlights how 
simple sedimentological observations can contribute to our understanding of past glaciation.  For 
example, the lithic heterogeneity of clasts within the modern and palaeo-drainage of the Matukituki 
River was utilized to make an informed interpolation regarding which catchment ice was flowing 
from, due to the differing metamorphic grades of outcropping rock between the Lake Wanaka 
catchment (low thermal hornfels), and sediments coming out of the Matukituki catchment (low 
thermal hornfels and greenschist facies).  These sedimentological characteristics allowed 
identification of changes in ice flow patterns.   
RECOMMENDATIONS FOR FUTURE RESEARCH 
This thesis has contributed new information about glacial advances in the Wanaka area in the last 
glacial cycle, but it raises as many questions as it answers.  Some of the key outstanding questions 
related to the following. 
It is recommended that further investigations around the margins further up the Lake Wanaka 
catchment be undertaken to examine post – LGM positions of the Wanaka Glacier.  In particular, 
outcrops along the lower reaches of the Matukituki, would be worth investigating.  For older parts 
of the sequences, a survey of outcrops along the south branch of the Fern Burn would be helpful 
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and there are extensive outcrops along the Clutha River.  These additional investigations would 
amplify the history of glaciation in the catchment.   
One of the biggest limitations for this thesis was the incomplete success of OSL dating.  
Resampling should be undertaken at both Beacon Point and Glendhu, but utilizing IRSL techniques 
on detrital K-feldspars instead of OSL dating on detrital quartz, which has a more successful record 
of providing reliable (ie stratigraphically significant) ages in New Zealand glacial sediments.  It 
would be very useful to also have a cosmogenic chronology on the moraines of the Clutha system to 
constrain the luminescence ages. 
A more rigorous clast provenance sampling strategy should be undertaken to attempt to fingerprint 
the lithology assemblages present in the gravels around the Glendhu Bay catchment and possible 
exposures up the modern and palaeo-drainage of the Matukituki River.  The purpose would be to 
gather lithological evidence for unidentified ice streams based on a specific assemblage of variably 
graded metamorphic rocks.  This type of work could be extended to other parts of the basin and 
may allow the recognition of changing patterns of flow under different environmental conditions.   
Finally, a survey of glacial geomorphology around the Clutha area and further up the Wanaka 
catchment should be undertaken using satellite imagery, in order to increase the resolution of past 
ice limits in the area.   
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